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EPIGRAPH 

 

 

 For so it had come about, as indeed I and many men might have foreseen had not terror 

and disaster blinded our minds. These germs of disease have taken toll of humanity since the 

beginning of things--taken toll of our prehuman ancestors since life began here. But by virtue of 

this natural selection of our kind we have developed resisting power; to no germs do we succumb 

without a struggle, and to many--those that cause putrefaction in dead matter, for instance--our 

living frames are altogether immune. But there are no bacteria in Mars, and directly these invaders 

arrived, directly they drank and fed, our microscopic allies began to work their overthrow. Already 

when I watched them they were irrevocably doomed, dying and rotting even as they went to and 

fro. It was inevitable. By the toll of a billion deaths man has bought his birthright of the earth, and 

it is his against all comers; it would still be his were the Martians ten times as mighty as they are. 

For neither do men live nor die in vain.  

 

- H.G. Wells, War of the Worlds  
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ABSTRACT OF THE DISSERTATION 

 

The Vascular Glycocalyx and Heparan Sulfate in Staphylococcus aureus Sepsis  

 

 

 

by 

 

 

 

Gregory James Golden 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California San Diego, 2020 

 

Professor Jeffrey Esko, Chair 

Professor Victor Nizet, Co-Chair 

 

Sepsis, a life-threatening organ dysfunction caused by a dysregulated host response to 

infection, poses a serious threat to human health. Many sepsis pathologies are tied to vascular 

dysregulation. The vascular glycocalyx (VGC), the collection of proteins and glycans exposed to 

vascular flow, is critical to vascular function and is dramatically remodeled in sepsis. Little is 

known about VGC composition in health or in sepsis. This dissertation consists of 6 chapters 

covering VGC remodeling during infection, detailed characterization of VGC composition using 



 

xxi 

 

novel methodologies, and the impacts of specific alteration of the major VGC component heparan 

sulfate (HS) during sepsis. Chapter 1 is a summary of VGC composition, the VGC role in vascular 

function, VGC remodeling factors, and how VGC composition changes during infection. Chapter 

2 describes a novel technique to characterize VGC protein composition and how it changes in 

sepsis. By using a perfusion technique to tag proteins exposed to vascular flow, VGC proteins 

from major organs were purified, identified, and quantified by novel proteomics methods. In 

healthy vasculatures, there are both shared and unique VGC components across organs. In 

Staphylococcus aureus sepsis, dramatic compositional changes occur in an organotypic fashion 

that reflect the inflammatory environment. Chapter 3 details studies that use genetic alteration of 

vascular HS (Ndst1f/fTie2Cre+) to stratify sepsis and tissue infection models across a diverse range 

of sepsis-causing bacterial agents. Ndst1f/fTie2Cre+ mice exhibit hypersensitivity only to S. 

aureus. Chapter 4 consists of studies showing endothelial HS mediates neutrophil infiltration and 

hepatic damage induced by S. aureus sepsis. Importantly, altering endothelial HS reduces 

neutrophil trafficking in both sterile and non-sterile hepatic inflammation, the first VGC 

component characterized to do so. Studies in Chapter 5 further characterize Ndst1f/fTie2Cre+ 

mouse hypersensitivity to S. aureus. Ndst1f/fTie2Cre+ mice exhibited a unique heart VGC during 

sepsis that lacked proteins characteristic of heart-protection, indicating S. aureus may induce 

improper cardiac vascular responses in Ndst1f/fTie2Cre+ mice. Hypersensitivity was dependent 

upon S. aureus alpha-toxin. Alpha-toxin bound to heparin, and heparan sulfate inhibited the 

activity of the alpha-toxin receptor Adam10. The studies of thesis uniquely examine the VGC in 

sepsis from the “omics” to the molecular level.      

  



 

1 

 

Chapter 1: Vascular glycocalyx remodeling and infection  



 

2 

 

1.1 Description of the vascular glycocalyx 

1.1.1 Introduction 

 In 1940, James Danielli first described a thin protein layer on the lumenal surface of blood 

vessels formed by adsorption of circulating protein that helped filter small particles 1. Subsequent 

study of this protein layer utilized perfused albumin-binding Evans blue dye and revealed “thin 

strands and sheets of a faintly colored blue, translucent material” sloughing off the inner surface 

of the capillary 2. In 1979, Bruce Klitzman and Brian Duling led a study describing a “plasma 

layer” on the inner surface of vessels that affects hematocrit and postulated that capillaries have a 

thicker plasma layer than larger vessels 3. Other lines of study described the lumenal layer of 

vessels. In 1960, Kiyoshi Hama observed a thick “cuticle layer” on the lumenal surface of 

earthworm blood vessels that excluded large hemoglobin particles and showed a strong periodate-

Schiff reaction characteristic of polysaccharides 4. Considering this study and numerous others 

showing polysaccharides coating most cells types across divergent eukaryotic and prokaryotic 

lineages, H. Stanley Bennet described this extracellular polysaccharide layer as the “glycocalyx” 

in 1963 5. The nascent studies of the plasma layer and the endothelial glycocalyx merged over the 

years to become a rapidly advancing and exciting field of study focused on the lumenal glycocalyx 

and its many roles in vascular biology. Further, the remodeling of this layer is a critical aspect of 

diseases associated with the vasculature, including infection and sepsis.  

1.1.2 Vascular glycocalyx definition 

 The glycocalyx exposed to vascular flow is termed the vascular glycocalyx (VGC). The 

VGC is composed of glycans, proteins, glycoproteins, and glycolipids that form a gel like matrix 

layer that covers endothelial cells and other cells exposed to vascular flow, including cells adhered 

to the apical surface of the endothelium. Further, if endothelial barriers are disrupted resulting in 
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exposure of inter-endothelial cell surfaces, basement membranes, and parenchymal cells, the 

glycocalyces of these surfaces would interact with circulating factors and would be functionally 

included in the VGC.  

1.1.3 Baseline composition of the vascular glycocalyx 

 Glycosaminoglycans (GAGs) and proteoglycans (PGs) form the main VGC scaffold 6. 

GAGs are linear, anionic polysaccharides composed of alternating uronic acid and hexosamine 

residues 7. GAG classes in the VGC are composed of heparan sulfate (HS), chondroitin sulfate 

(CS), and hyaluronan (HA). HS and CS are biosynthesized in the Golgi and are covalently linked 

to a limited number of proteins, forming HSPGs and CSPGs. HS chains tend to be 20-100 kDa in 

size 7. In contrast, HA is not attached to a core proteins and biosynthesis occurs at the plasma 

membrane, where it is extruded as long chains that range from 100 – 1000 kDa in size 8. HSPGs 

and HA have been studied more than CSPGs in the context of the VGC. Most of the HSPGs 

characterized as VGC components are membrane associated either through a transmembrane 

domain (Syndecans 1-4) or a GPI anchor (Glypicans 1-6), whereas HSPGs such as agrin, perlecan, 

or collagen XVIII are secreted into the extracellular matrix. Glypican-1 and Syndecan-1 (Sdc1) 

are the most studied HSPGs in the VGC 9, although their true abundance in the VGC relative to 

other HSPGs is not understood and probably varies across different vascular beds. Quantitative 

studies into the relative amounts of GAGs and PGs in the VGC are needed to accurately determine 

their composition. 

 Glycoproteins containing covalently linked N- and O- glycans form a substantial portion 

of the VGC as well. Intravital staining with the lectin wheat germ agglutinin, which targets 

glycoconjugates containing sialic acid and β1-4 linked N-acetylglucosamine, showed strong 

staining on the VGC in subcutaneous vessels 10. Additionally, ConA, a lectin that targets N-
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glycans, binds to the endothelial cell plasma membrane and is enriched near cell-cell junctions 11. 

Although it is generally acknowledged that a majority of secreted and transmembrane proteins 

contain glycosylation sites, there has yet to be a global study of glycosylation of this protein set in 

endothelial cells or the vasculature. Studies targeting the effects of glycosylation on individual 

endothelial proteins demonstrate their importance in endothelial function. The most detailed 

characterization of glycosylated endothelial proteins are cell adhesion molecules from the selectin 

family and the immunoglobulin superfamily 9, which are discussed in detail below. Importantly, 

the role of glycosylation in a litany of VGC proteins warrants further study. 

 Numerous secreted proteins are intercalated in lumenal glycans. Albumin, the most 

abundant plasma protein, is highly integrated in the VGC and is critical to controlling vascular 

permeability 12. Fibrinogen, a critical coagulation factor, is found within the VGC 13. There are 

many signaling factors that bind to HS in vitro 7, such as growth factors, chemokines, complement 

factors, and coagulation factors, yet many of these interactions have yet been demonstrated to be 

present in the VGC in vivo. Chemokines are an exception, where studies have demonstrated they 

form gradients in the VGC by binding to endothelial HS 14,15. Although it is generally understood 

that there are many secreted host factors that bind to VGC components, evidence of these 

interactions in an intact VGC is lacking. Further, it is not clear how much of the VGC is made of 

secreted versus membrane-anchored factors, highlighting the need for a comprehensive analysis 

of VGC proteins, glycans, and glycoproteins. 

1.2 Remodeling and the function of vascular glycocalyx 

1.2.1 Remodeling definition 

 We define VGC remodeling as the structural or compositional alteration of the vascular 

glycocalyx. The VGC can be remodeled by changing composition via addition or subtraction of 
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proteins, glycans, and glycoproteins. There are several strategies to experimentally induce VGC 

remodeling, including activation of endothelial cells, enzymatically removing VGC components, 

or genetically manipulating VGC proteins and glycosylation biosynthesis enzymes. VGC 

remodeling occurs naturally in numerous ways, including “shedding” of VGC elements via 

enzymatic removal with proteases and glycosidases or by endocytosis into endothelial cells. VGC 

components are added to the system by de novo synthesis and exocytosis. The lumenal glycocalyx 

has unique functions that are critical to the vascular barrier, vascular tone, and interaction between 

circulating cells and endothelium. In this section, we describe how VGC remodeling affects these 

functions.  

1.2.2 Remodeling and the endothelial barrier  

 One of the most fundamental actions of the endothelium is to act as a selective barrier to 

lumenal molecules and cells crossing into the interstitium. The structure of the VGC is critical to 

controlling this selective permeability. Due to the anionic nature of the glycan-rich glycocalyx, 

amphipathic albumin saturates the VGC and promotes the formation of the glycocalyx into a 

protein rich lattice-like structure with a net-negative charge 12, which likely explains the “plasma 

layer” observed in the 1940s to 1970s 2. The fiber matrix forms a molecular sieve, blocking 

negatively charged and/or large molecules and cells from transvascular flow 13,16. Additionally, 

the protein rich layer controls fluid flux across the endothelium along the colloid osmotic pressure 

gradient, as described by the revised Starling Equation 17. GAG remodeling appears to affect both 

VGC macrostructure and permeability. Digestion of VGC HS via perfusion guinea pig heart with 

Flavobacterium heparinum heparinase increased fluid efflux from the lumen without affecting 

colloid efflux. Further, inhibiting HS digestion by genetic deletion of heparanase inhibits lung fluid 

exudate with endotoxemia challenge 18,  highlighting how fluid filtration may depend on certain 



 

6 

 

VGC components 19. Degrading VGC components also affects particle infiltration into the 

endothelial barrier. In vivo digestion of lumenal HA using intravenous Streptomyces hyaluronidase 

allowed for penetration of  ≤145 kDa FITC-dextran particles into the cremaster VGC, yet larger 

FITC-dextran particles and red blood cells were still excluded from the glycocalyx space. Infusion 

of HA and CS mixture back into the digested vasculature restored VGC selectivity 20. Digesting 

specific GAG classes appears to have varying effects on VGC permeability and structure. Systemic 

infusion with heparinase, chondroitinase, and hyaluronidase decreased post-capillary venule VGC 

thickness by 43%, 34%, and 12%, respectively, with all 3 enzymes infused together decreasing 

VGC thickness by 89% 6. In short, GAGs are required to maintain VGC permeability and 

macrostructure, but remodeling each GAG uniquely alters these parameters.  

1.2.3 Remodeling, vascular tone, and mechanotransduction 

 Endothelial cells sense both lumenal shear stress and vasoactive factors to relay 

information to smooth muscle cells, which ultimately control vascular tone by mediating 

vasodilation or vasocontraction 21. The VGC plays a critical role in mechanotransduction of shear 

force to the cytosol of the endothelium. Transmembrane VGC components such as Glypican-1 

sense shear stress and transmit the signal to intracellular signaling cascades, allowing for 

integration of hemodynamic and vasoactive factor signaling 22. Remodeling of the VGC has 

profound effects on endothelial shear stress responses. Enzymatic removal of HS or HA ablates 

endothelial production of the vasodilator nitrous oxide (NO) in shear force. After HS and HA 

removal, NO synthase agonists still induce NO synthesis, indicating that the VGC amplifies shear 

force signals that mediate vasoactive factor production 23–25. Lumenal shear flow also regulates the 

localization and abundance of VGC components on the apical membrane of the endothelium. 

Endothelial HA production is boosted under shear stress, while HS abundance is unaffected 26. 
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Under shear stress, most of the cell surface HS colocalizes to cell-cell junctions, as did Glypican-

1 and associated lipid rafts 25,27. However, Sdc1 and CS localization did not re-organize in this 

context 27. Shear stress appears to depend on and specifically affect the localization of certain VGC 

components, implying that certain VGC components are more involved in shear flow 

mechanotransduction than others.  

 Downstream of mechanotransduction, the cell undergoes a myriad of signaling responses 

in response to shear stress. Apical transmembrane ion channels and their glycosylation status are 

critical to responding to shear forces after mechanotransduction 21. Epithelial Na+ channel (ENaC) 

in endothelial cells mediates vascular responsiveness to blood pressure. Removal of ENaC N-

glycosylation via enzymatic removal with PNGase or by individually replacing asparagines with 

alanines ablated ENaC control of blood pressure. Interestingly, remodeling ENaC glycosylation 

does not affect its abundance or the ability of the channel to transport ions 28. How glycosylation 

remodeling affects ENaC activity, and the signaling ability of other vaso-sensatory ion channels, 

has yet to be elucidated.   

1.2.4 Remodeling and endothelial cell-circulating cell interactions 

 The location of the VGC allows it to influence how circulating cells in the lumen interact 

with the apical endothelial surface. The VGC is involved in several aspects of cell-cell interactions, 

including maintaining laminar flow, containing ligands and receptors for circulating cell adhesion, 

and concentrating signaling proteins that promote cell adhesion to the endothelium 9. VGC 

remodeling greatly changes how cells interact with the apical endothelial surface. Before 

remodeling, the physical thickness of the VGC varies greatly depending upon the tissue, with 

thinner non-fixed glycocalyces such as the cremasteric microvessels measuring around 670 nm 18. 

P-selectin, a major adhesion molecule present on the apical surfaces of activated endothelial cells, 
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protrudes only 50 nm from the endothelial plasma membrane 29. Thus, adhesion molecules are 

likely buried under the VGC until remodeling of the VGC occurs. Enzymatic degradation of the 

VGC with heparinase, chondroitinase, or hyalurondase, or induction of degradation with pro-

inflammatory cytokines or angiopoetin-2 (Ang2), decreases VGC thickness by 50-70% 18,30,31. 

After VGC thinning, white blood cells (WBCs) more readily adhere to the endothelial surface in 

a selectin-dependent manner 18,32,33. Thus, during inflammatory conditions when the VGC 

undergoes extensive remodeling and thinning, WBC adhere to activated endothelium proximal to 

areas of inflammation after possible uncovering of adhesion molecules.  

 The VGC also holds chemoattractant signaling molecules that recruit WBCs. Chemokines 

are held near the endothelial surface by engaging electronegative HS with their highly 

electropositive domains, creating gradients that attract leukocytes 34. Modulating HS greatly 

affects chemotactic abilities of chemokines. Altering endothelial HS by either reducing its 

sulfation, inhibiting its biosynthesis, or overexpressing endogenous heparanase inhibits leukocyte 

chemotaxis 14,15,35,36. Reducing HS sulfation also decreases chemokine transcytosis across the 

endothelium and chemokine presentation on the endothelial apical surface 35. Conversely, 

increasing HS sulfation promotes chemokine binding to endothelial HS 36. Modulating HS 

structure provides a mechanism for controlling engagement of endothelial cells to chemokines and 

thus chemotaxis of WBCs. 

 Upon inflammatory insult, endothelial cells express ligands and receptors in the VGC that 

engage circulating neutrophils and monocytes, leading to a process of WBC rolling, firm adhesion, 

and diapedesis through the endothelium, in a process known as extravasation 37. Both the 

endothelium and circulating WBCs express pro-adhesive molecules that are utilized in different 

stages of this process. Selectins, including P-selectin, E-selectin, and L-selectin, are VGC 
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glycoproteins that mediate initial adherence and rolling stages of extravasation, allowing for 

engaging of chemokines and further WBC activation. Subsequent firm adhesion and diapedesis of 

the WBC is largely mediated by glycoprotein receptors in the immunoglobulin superfamily, 

namely ICAM-1, ICAM-2, VCAM-1, and PECAM-1 37. The variation in abundance and 

glycosylation of these receptors, and their respective ligands, greatly influences their functionality.  

 Endothelial P-selectin is contained within vesicle Weibel-Palade bodies (WPBs). Upon 

endothelial cell activation, WPB fusion to the plasma membrane rapidly distributes P-selectin to 

the endothelial surface 38. E-selectin is not expressed in endothelial cells until induction by pro-

inflammatory cytokines or other endothelial activating stimuli 39,40. L-selectin, which is 

constitutively expressed on circulating leukocytes, engages multiple glycan ligands on the 

endothelial surface 37,41. The tetrasaccharide Sialyl Lewis X (sLex) is the minimal structural 

determinant for luminal L-selectin ligands in the VGC 42, and structural modification of sLex 

greatly impacts its function. Removal of sialic acid with sialidase abrogates L-selectin mediated 

binding of leukocytes to high endothelial venules 43. The majority of sLex is located on O-glycans 

decorating protein backbones as Core-1 or Core-2 O-glycans 41. However, mice lacking both Core-

1 extension and Core-2 branching enzymes had increased lymphocyte rolling velocities yet still 

had robust lymphocyte homing due to N-glycans containing sLex 44. sLex can be modified with the 

addition of a sulfate ester on C6 of GlcNAc, which occurs on core-1 O-glycans, or C-6 on galactose 

of Core-2 O-glycans. GlcNAc 6-sulfo sLex is the dominant L-selectin ligand expressed in high 

endothelial venules and chronically inflamed microvessels 45,46. Deletion of both N-

acetylglucosamine-6-O-sulfotransferases completely abolished 6-sulfo sLex. Interestingly, this 

sLex remodeling resulted in a 75% reduction in lymphocyte homing to lymph nodes, indicating 

other L-selectin ligands are used in this process 45. L-selectin also engages endothelial HS in a 
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sulfation-dependent manner. Remodeling endothelial HS by decreasing HS sulfation increases L-

selectin mediated rolling velocity, while increasing endothelial HS sulfation decreases L-selectin 

mediated rolling velocity 35,36. Considering the redundancy of L-selectin ligands and how 

remodeling L-selectin ligands modulates leukocyte engagement to endothelial cells, it is enticing 

to study how unique inflammatory stimuli may differentially affect L-selectin ligand structures 

and downstream leukocyte trafficking. 

 Transcellular adhesion receptors in the immunoglobulin superfamily such as ICAM-1, 

VCAM-1, and PECAM-1 are VGC components that bind leukocyte integrins to mediate leukocyte 

tight adhesion and diapedesis during extravasation. The expression of these glycoproteins 

increases in endothelial cells during inflammation 37. Further, they are enriched in the VGC during 

pro-inflammatory responses such as infection 37,47, which potentiates leukocyte trans-endothelial 

migration. The cellular adhesion receptors in the immunoglobulin superfamily are heavily 

glycosylated and their glycosylation status affects their function. The extracellular domain of 

ICAM-1 contains up to 9 N-glycosylation sites. In TNF-α activated endothelial cells there is an 

enrichment of high-mannose or complex type N-glycans with a α-2,6 sialic cap 48,49. 

Pharmacological inhibition of complex N-glycan synthesis increases monocyte and neutrophil 

adherence to endothelial cells in an ICAM-1 dependent manner 49,50. Interestingly, enzymatic 

removal of sialic acid from ICAM-1 slightly increased its resistance to elastase cleavage that is 

common in inflammation 51. Modulation of PECAM-1 glycosylation also changes its function. 

Genetic ablation of N-glycan α-2,6 sialic acid biosynthesis or mutagenesis of the asparagine-25 N-

glycosylation site interferes with homophilic interactions that are critical to its function 52,53. 

Clearly, glycosylation remodeling can greatly influence immunoglobulin superfamily cell 

adhesion receptor function, and further work characterizing how endothelial activation induces 
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this remodeling would provide critical knowledge on fine-tuning receptor function in leukocyte 

extravasation.  

1.3 Host remodeling factors and their regulation 

1.3.1 Overview of Remodeling Factors 

 A litany of host factors remodel specific VGC components. Proteases degrade VGC 

proteins while glycosidases degrade glycans attach to lumenal glycoconjugates, with both 

enzymatic classes possessing the ability to drastically alter VGC structure. Further, host cells can 

add or withdraw new VGC components from the lumen. Regulation of these remodeling factors is 

critical to controlling VGC structure and responding to vascular perturbations. In this section, the 

critical host VGC remodeling factors and their regulation will be summarized.  

1.3.2 Proteolytic Remodeling 

 Matrix metalloproteinases (MMPs) and the adamalysins, including a disintegrin and 

metalloproteinases (ADAMs) and ADAMs with thrombospondin motifs (ADAMTSs), are two 

major classes of zinc and calcium dependent endopeptidases 54. The MMPs and adamalysins have 

long been implicated in ECM remodeling, with well characterized roles in tissue development, 

immunity, angiogenesis, and homeostasis 54. MMPs and adamlysins are also critical factors in 

VGC remodeling. Chelation of divalent cations or small molecule inhibition of MMPs increases 

circulating lectin and WBC binding to the venular vascular glycocalyx over time, suggesting 

MMP-mediated VGC turnover occurs in baseline conditions 55,56. MMPs have been shown to 

cleave specific targets in the VGC. Inhibition of MMP2 and MMP9 decreases the release of soluble 

ICAM1 from the apical surface of cultured endothelial cells 57. Deletion of MMP9 increases age-

related release of endothelial markers VCAM1 and von Willebrand factor (vWF), indicating a 

compensatory increase in proteolytic activity on endothelial VGC components 58. Inhibition of 
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MMPs, ADAM10, or ADAM17 limits TNF-α-induced shedding of cell-surface endomucin, a 

heavily O-glycosylated transmembrane protein important for leukocyte interaction with quiescent 

endothelium 59. ADAM15 mediates apical glycocalyx loss and cleavage of endothelial CD44 60. 

Oligomerized vWF, a potent ligand of platelets and circulating WBCs, is bound to the apical 

surface of activated endothelium and is digested by endothelium-bound ADAMTS13, thus 

inhibiting cell adhesion to vWF 61,62. VE-cadherin, a cornerstone of endothelial tight junctions that 

are commonly proximal to the apical surface 63, is shed from endothelium by activated endothelial 

ADAM10 64,65. MMP2 and MMP9 mediate Sdc1 and Sdc4 shedding from endothelial cells, with 

MMP2 and MMP9 activity correlated with glomerular vascular permeability 66–70. Pan-MMP 

inhibition limits oxidative stress induced shedding of Sdc1 from endothelial cells 70. Vasodilation 

is also modulated by MMP activity, with MMP2 cleaving Big Endothelin-1and converting it into 

a potent vasoconstrictor 71. While many of these studies detail MMP and adamalysin editing of 

apical glycocalyx in vitro, more research into their editing of VGC in vivo is needed. 

 MMP and adamalysins are regulated through a complex network of transcriptional 

controls, trafficking networks, and endogenous inhibitors, as extensively reviewed elsewhere 54. 

Examples of MMP and adamlysin regulation in the context of VGC remodeling will be discussed 

here. MMPs and adamalysins are inhibited by endogenously encoded inhibitors. There are four 

tissue inhibitors of metalloproteinases (TIMPs), endogenous metalloproteinase inhibitors that 

wedge into the active site of metalloproteinases 54. TIMP3 binds to sulfated GAGs 72, but there is 

no evidence of TIMP interaction with GAG in the VGC. TIMP3 directly inhibits ADAM10, 

ADAM17, ADAMTS4, and ADAMTS5 73–75. TIMP2 and TIMP3 block membrane-type 1 MMP-

meditated cleavage of ICAM1 during monocyte transmigration across the endothelium 76. TIMP3 

inhibits Sdc1 and Sdc4 endothelial shedding 66, while TIMP2 blocks MMP2-mediated generation 
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of vasoactive Big Endothelin-1 71. Another endogenous factor, sphingosine-1-phosphate (S1P), 

stabilizes the VGC and Sdc1 from shedding by suppressing MMP activity through an unknown 

mechanism 67. Host signaling also controls MMP and adamalysin expression. Expression of MMPs 

is partly mediated through the PKC-ERK-MAP Kinase pathway 77. Cytokine signaling through 

TNF-α, TGFβ, and IL-8 increases expression of MMPs though activation of NF-κB mediated 

transcriptional systems 68,78–80. TNF-α also induces expression of endothelial ADAM1781. NO also 

increases the activity and translation of endothelial MMP13 82. Shear stress on HUVECs increases 

ADAM15 and ADAM19 expression while suppressing ADAM23 expression. Shear stress does 

not affect expression of any other ADAM, indicating that shear stress activates pathways that 

control selective ADAM expression 83. Although research into MMP and adamalysin regulation is 

abundant, additional focus of these processes in endothelial cells, and their impact on the VGC, is 

needed. 

1.3.3 Glycosidase-mediated extracellular remodeling  

 GAG degradation and remodeling on the cell surface has a dramatic impact on VGC 

integrity 18,30,31,84. GAGs are shed from cell surfaces and detected in circulation, as reviewed 

extensively elsewhere 85. However, the origin of shed GAGs is not precisely known, although it is 

hypothesized to come from the VGC. There are limited studies detailing VGC remodeling by 

endogenous glycosidases in culture or in vivo. Although there are up to 8 potential hyaluronidases 

in the human genome 86,87, endogenous hyaluronidase activity has been mostly studied in 4 

endogenous hyaluronidases: hyaluronidase-1 (Hyal1), Hyal2, TMEM2, and Kiaa1199 86–89. Large 

HA chains are degraded into smaller HA fragments by Hyal2 and TMEM2, which are then 

internalized in a CD44-dependent mechanism and further degraded in the lysosome by Hyal1 

87,89,90. Hyal2 is widely expressed on the lumenal surfaces of endothelial cells and loss of Hyal2 
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leads to VGC HA accumulation 91. Human umbilical vein endothelial cells (HUVECs) under low 

shear stress conditions express Hyal2 that degrades glycocalyx HA 92, and during models of 

inflammatory bowel disease platelet Hyal2 degrades intestinal endothelial HA and increases 

inflammation 93. However, it is unclear if this corresponds to apical or basal HA. Endothelial 

TMEM2-mediated HA degradation is required for angiogenesis 87, but TMEM2 has not been 

observed to remodel the VGC in stable blood vessels.  

 Extracellular HS chains can be degraded by Heparanase (HPSE), a single gene that encodes 

an endo-β-glucuronidase enzyme that is created as a precursor protein and is cleaved to a more 

active form 94. Endothelial HPSE expression is upregulated in certain contexts, including pro-

inflammatory cytokine signaling, exposure to low-density lipoproteins, inhibition of NO synthase, 

or ligand engagement of receptor for advanced glycation end products (RAGE) 94–96. Post-

translational regulation of HPSE provides insight into its endogenous role. HPSE is most active at 

pH 6.0 and has only 25% activity at physiological pH 97,98. Further, HPSE acts as an non-enzymatic 

adhesion molecule and is stabilized by HS chains at physiological pH, while lowering the pH 

converts HS-bound HPSE back to an enzymatic form 97,98. However, HPSE is critical to VGC 

remodeling in pathological conditions. In endotoxemia and cecal ligation and puncture sepsis 

models, Hpse-/- animals do not undergo VGC degradation and have reduced adherence of pro-

inflammatory neutrophils to the pulmonary endothelium, leading to protection from lethality 18. It 

was shown that adoptively transferred Hpse+/+ neutrophils do not adhere to Hpse-/- pulmonary 

endothelium in vivo, indicative that neutrophil HPSE may not be responsible for endothelial HS 

remodeling 18. However, it is unknown which tissue or cell type produces VGC-degrading HPSE. 

Additionally, it is not clear if HPSE either directly degrades the VGC or assists a cell type or 

another host enzyme in VGC remodeling through its HS-binding functionality. It has been shown 
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that HPSE from activated platelets or platelet lysate can cleave endothelial HS but only in acidic 

conditions that may be found in inflammatory contexts 98. Further study into the cellular origin, 

enzymology, and HS-binding activity of endogenous HPSE in the context of infection is needed.      

  Although N- and O- glycan structures are common on glycoproteins in the VGC, there is 

limited work observing extracellular degradation of these structures by endogenous enzymes. α-

glycosidic linked  sialic acids cap many of these structures and are cleaved by endogenous 

neuraminidase activity. However, the four neuraminidase genes (Neu1-4) have maximal activity 

at lysosomal or early-lysosomal pH, with surface activity mostly occurring during cell activation 

or stress where lysosomal fusion occurs with the plasma membrane 99. Neu1 and Neu3 are 

expressed in human endothelial cells where Neu1 can de-sialylate PECAM1, although it is unclear 

if this occurs on the cell surface or in the lysosome 100. Neutrophil neuraminidase activation can 

lead to loss of surface endothelial sialic acid and increased neutrophil adherence 101. Treatment of 

human pulmonary endothelial cells with dengue virus non-structural protein-1 can activate loss of 

surface sialic acids, leading to an increase in trans-endothelial permeability 102. Although other 

exo-glycosidases cleave de-sialylated terminal residues from N- and O- glycans, evidence of this 

occurring in the VGC is lacking. Further studies detailing the extracellular versus lysosomal 

degradation of N- and O- glycans are needed. 

 1.3.4 De novo synthesis 

 As inflammation increases VGC shedding and degradation, there is evidence that 

biosynthesis increases simultaneously. HA synthesis increases in human endothelial cells upon 

stimulation with pro-inflammatory signals including TNF-α, IL-1β, and IL-15, which promotes 

NF-κB signaling and CD44-dependent adherence of leukocytes to the endothelium 103–105. Surface 

HA increased alongside Hyaluronan Synthase 2 (Has2) expression 105, which extrudes HA from 
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the plasma membrane directly into the vascular glycocalyx. Interestingly, IFN-γ and TGF-β do not 

induce HA content increase on the cell surface or Has2 expression, indicating selective control of 

HA biosynthesis 105. Stimulation of human microvascular endothelial cells with TNF-α and IL-1β 

increases HS sulfation, HS biosynthesis enzyme N-deacetylase-N-sulfotransferase 1 (Ndst1) 

expression, and HS-dependent CCL5 binding 16 hours after treatment 106. Expression of 

Exostosin-1 (Ext1), a critical HS biosynthesis enzyme that forms part of the HS-extending co-

polymerase, increases upon activation of fibroblast growth factor receptor 1 (FGFR1) 30. S1P 

signaling also greatly increases HS, CS, and Sdc1 biosynthesis after endothelial cell starvation 107. 

Non-GAG glycans also increase in expression with pro-inflammatory signals, where N-glycan 

expression rises 4 hours after stimulation of HUVECs with TNF-α and stimulates monocyte 

adhesion 11. More studies detailing VGC turnover through simultaneous degradation and de novo 

biosynthesis are needed, as most studies focus on one aspect of VGC turnover.  

1.3.5 Endocytosis 

 Most glycoconjugates are degraded within the lysosome after endocytosis from the plasma 

membrane. There is also evidence that VGC components are endocytosed from the endothelial 

surface. Negatively charged particle tracers injected intra-venously associate with the VGC and 

coat both caveolae and clatherin-coated pits on endothelial cells 108. HA binding proteins are also 

associated with endocytic vesicles and mediate HA uptake for degredation. HA receptor for 

endocytosis (HARE) uptakes HA via clatherin-coated pits 109, while Kiaa1199 and CD44 

independently bind to HA to process it through caveolae 88,110. Glycoproteins are also internalized 

on clatherin-coated pits and caveolae 111,112. Approaches studying global effects of endocytic-

mediated VGC remodeling would give greater insight into glycan and glycoprotein removal from 

the cell surface through lysosomal degradation.     
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1.4 Infection-induced vascular glycocalyx remodeling 

1.4.1 Overview of VGC remodeling during infection  

 During infection, the endothelium and other vascular cells receive signals that facilitate 

pathogen clearance and host tolerance and recovery. Both host and pathogen factors manipulate 

these responses that determine the balance of the immune response, and in cases of severe infection 

leads to immune imbalance and dysregulation. Sepsis, a life threatening organ dysfunction caused 

by a dysregulated host response to infection 113, may even develop in cases of infection-induced 

host-wide vascular dysregulation and subsequent organ failure. Because the VGC is critical to 

vascular function, how host and pathogen factors influence VGC status during infection is critical 

to disease outcome. Additionally, infection promotes endothelial-associated glycocalyx changes, 

host immune cell attachment to the endothelium, and opening of sub-endothelial glycocalyx to 

vascular flow, all of which involve changes in composition and function of the VGC. In this 

section, VGC remodeling that occurs in infection and sepsis, and how it affects the host immune 

response, will be summarized. 

1.4.2 Pathogen induction of host remodeling  

 Pathogen associated molecular patterns (PAMPs) are often used to substitute true infection. 

Although PAMPs do not represent the complexity of true infections, valuable information can be 

gathered by studying how PAMPs affect the VGC. Lipopolysaccharide (LPS), a 

lipopolysaccharide PAMP found on the outer membrane of gram-negative pathogens, promotes 

potent inflammation that leads to ~50% reduction in VGC thickness in a TNF-α dependent manner 

18,84. LPS promotes VGC turnover via induction of remodeling factors and synthesis of new VGC 

components. For example, LPS induces MMP1, ADAM15, and ADAM17 to cleave and shed 

glycocalyx components, leading to increased vascular leakage and leukocyte adhesion to the 
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endothelium 60,114,115. LPS also induces HPSE activity and HS loss in endothelial cells 116. 

Simultaneously, endotoxin induces de novo synthesis of endothelial HA, Sdc4, and cell adhesion 

glycoproteins on the endothelial surface 103,117,118, thus increasing VGC turnover.     

 Although endotoxin induces VGC remodeling, it is a common antigen on both pathogenic 

and non-pathogenic gram-negative bacteria. Pathogens have non-PAMP factors that upregulate or 

activate VGC remodeling components to disrupt the immune response. Staphylococcus aureus 

induces VGC remodeling via secretion of α-hemolysin, also known as α-toxin, that activates host 

ADAM10 to cleave endothelial junction glycoproteins, promote pro-inflammatory neutrophil and 

platelet activation in the vasculature, and drive vascular leakage 64,119. Further, S. aureus sepsis 

induces dramatic pro-inflammatory changes in the VGC, with enrichment of acute phase proteins, 

adhesion receptors, complement components, coagulation factors, and proteoglycans 47. Although 

both Neisseria meningitidis and dengue virus infection induced endothelial barrier breakdown in 

an MMP-dependent manner 120,121, it is unclear if MMP activity directly acts upon the VGC. The 

sublingual vasculature in sepsis patients has a thinner glycocalyx than other critically ill patients, 

but it is unknown if certain pathogens promote more VGC loss than others 122. Pathogens 

commonly express proteases and glycosidases to modulate host responses, but it is largely 

unknown how or if these pathogen enzymes affect VGC structure, composition, or function in an 

in vivo setting. More studies with live infection models are needed to understand how pathogens 

induce VGC remodeling. 

1.4.3 Weibel-Palade bodies and angiopoietins in VGC remodeling    

 Endothelial cells can rapidly respond to inflammatory insult common to infection and 

induce multiple processes that lead to VGC remodeling. Central to this rapid response are Weibel-

Palade Bodies (WBPs), secretory bodies that rapidly fuse to the lumenal plasma membrane upon 
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endothelial stimulation by TLR2, coagulation and complement factors, host signaling molecules, 

cytokines such as TNF-α, and other agonists 123–125. The contents of WBPs impact many aspects 

of endothelial inflammation and directly change VGC composition. WBPs are highly enriched in 

the glycoprotein vWF and other coagulation factors, which can attach to the vessel wall and 

promote coagulation. WBPs also contain P-selectin to initiate leukocyte rolling and anchor vWF 

to the cell surface within minutes of endothelial activation 123,126. Importantly, WBPs contain and 

release angiopoietin-2 (Ang2) 127, a critical regulator of endothelial permeability and host 

inflammation during infection. Serum Ang2 abundance increases greatly during severe sepsis and 

correlates strongly with cytokines such as TNF-α 128. Ang2 sensitizes endothelial cells to TNF-α 

and is required for TNF-α-induced ICAM1 and VCAM1 expression in endothelial cells 129. Ang2 

contextually can act as an agonist or antagonist of endothelial Tie2, where antagonism destabilizes 

endothelial junctions 130. Interestingly, some anti-Ang2 monoclonal antibodies induce Ang2 

agonism of Tie2, which preserves the VGC, reduces glomerular endothelial HPSE expression, and 

protects HS associated pulmonary vasculature during cecal ligation and puncture sepsis 131. 

Further, Ang2 mediates HPSE-dependent VGC degradation and edema after LPS exposure 31, 

indicating that Ang2 can either promote or exacerbate VGC remodeling depending upon context. 

Further studies are needed to fully understand the connection between Ang2-Tie2 activity and 

VGC status.    

1.4.4 Coagulation and complement 

 Coagulation and complement are critical aspects of vascular immunity that modulate 

infection outcome and can drive vasculopathy with imbalanced homeostasis 132. During infection, 

VGC composition in major organs becomes enriched with both complement and coagulation 

factors 47, and studies have observed thrombosis occurring during bacterial infection associated 
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with glycoprotein shedding and major VGC remodeling 47,133. Multiple studies have shown 

coagulation factors can directly act upon the VGC and how these factors change VGC 

composition. Thrombin activity leads to a 40-50% reduction in VGC thickness and stiffness 84. 

Upon endothelial activation and WBP exocytosis, vWF forms large multimer fibers on the 

endothelial surface that forms anchor points for platelets and pro-thrombotic neutrophil 

extracellular traps (NETs) 61,134. Further, vWF anchoring to the endothelial surface depends upon 

VGC HS 135. Platelet and neutrophil attachment to the VGC induces immunothrombosis in 

microvessels, generating an intra-vascular scaffold that facilitates the recognition, containment, 

and destruction of pathogens 132. During Escherichia coli and S. aureus intravascular infection, 

platelets bundle bacteria in the sinusoids and associate with neutrophils and NETs 136. In S. aureus 

sepsis models, platelet-neutrophil aggregates can exacerbate thrombosis and intravascular NET 

formation in the liver that leads to severe hepatic damage 47,119,137. These thrombotic events have 

a clear impact on VGC composition, as neutrophil NETs components, platelet degranulation 

factors, and coagulation factors increase in the liver VGC during S. aureus sepsis 47. As the VGC 

forms the surface where thrombotic events occur, further studies detailing how the VGC interacts 

with coagulopathy and complement deposition would give further insight into the VGC’s influence 

on these systems.     

1.4.5 Leukocyte adhesion and VGC remodeling 

 During infection and sepsis, inflammation increases cell adhesion glycoproteins on the 

endothelial surface. After LPS injection, cell adhesion molecules including VCAM-1, P-selectin, 

and E-selectin increase in expression and VGC abundance 118,138,139, which promotes neutrophil 

adherence to the pulmonary endothelium and subsequent lung pathology 18. Remodeling of certain 

VGC glycans may be critical to leukocyte adherence and infiltration during infection. In the liver 
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VGC, HA plays on important role in neutrophil recruitment and inflammation. VGC HA is 

abundant in the liver at baseline conditions, and during endotoxemia neutrophils adhere to 

sinusoidal-HA in a CD44 manner 118,137. In S. aureus sepsis, HA binding and remodeling proteins 

are enriched in the liver VGC and circulating HA also increases 47, perhaps indicating that HA 

remodeling and turnover occurs in the sinusoids during infection. As highlighted in the previous 

section, neutrophils adhered to the endothelium can promote immunothrombosis or, in cases of 

sepsis, liver pathology. Remodeling sulfated GAGs impacts host cell attachment to the VGC and 

subsequent trafficking during infection. Overexpression of HPSE interferes with chemokine 

gradients that attract leukocytes to cites of inflammation and decreases the ability to clear S. aureus 

subcutaneous infection 140. HPSE activity is required for LPS-induced neutrophil adherence and 

inflammation in the pulmonary vasculature 18. Reducing endothelial HS sulfation reduces 

neutrophil transmigration across the endothelium toward LPS in an air pouch model 35, while 

increasing overall HS sulfation has the opposite affect 36. Although modulating the VGC can 

impact leukocyte interactions with the endothelium, recruited leukocytes also bring factors that 

change VGC composition. As highlighted in the previous section, neutrophil and platelet driven 

immunothrombosis changes VGC composition and can drive pathology. During sepsis, the VGC 

becomes enriched with leukocyte factors 47, underscoring how the VGC can modulate leukocyte 

adherence and thus allowing recruited leukocytes to change VGC composition.   

1.4.6 Vascular glycocalyx protection and recovery 

 During infection and sepsis, there is evidence of dysregulation in the mechanisms that 

promote VGC reconstitution and protection. S1P, which has been shown to preserve normal 

glycocalyx and increase synthesis of VGC components 107, has decreased levels in the serum of 

sepsis patients and is negatively correlated with sepsis severity 141. In non-septic VGC degradation, 
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HS fragments and FGF2 can activate HS biosynthesis enzyme expression. However, in septic 

conditions FGFR1 activation is inhibited and prevents downstream activation of HS biosynthesis 

which correlates to a decrease in VGC thickness 30. As previously described, the endothelial 

junction regulator Ang2 is released from endothelial cell WBPs in sepsis and mediates HPSE-

mediated VGC degradation 31. Ang1-Tie2 signaling, which stabilizes endothelial junctions, can be 

antagonized by Ang2 and can promote endothelial destabilization in certain contexts 130. Use of 

Ang2 inhibitor, Tie2 agonist, or recombinant Ang1 treatment protects the VGC from degradation 

after LPS treatment 131,142, and treatment of vessels with Ang1 increases VGC thickness and 

decreases vessel permeability after proteolytic injury 143. Despite disruption of VGC recovery 

during sepsis, there is evidence that the altered VGC can blunt subsequent inflammatory insult. 

After CLP sepsis, VGC HS was resistant to heparinase-III digestion, which targets under-sulfated 

regions of HS, indicating that HS remodeling may have occurred in sepsis 144. Interestingly, 

expression of sulfatase-1 (Sulf-1), a cell-surface enzyme that removes 6-O-sulfation from HS 

chains, is decreased after CLP sepsis, which correlated to an enrichment of 6-O-sulfated HS in 

plasma. Endothelial Sulf1 deletion recapitulated post-septic VGC resistance to Heparinase-III. In 

post-CLP animals, intravenous injection of Sulf-1 increased pulmonary leukocyte infiltration after 

intratracheal LPS compared to vehicle control animals, indicating that vascular Sulf-1 activity can 

potentiate post-septic inflammatory insult 144. Considering this study, it would be valuable to 

investigate how the multitude of VGC remodeling factors affect VGC recovery. Protection of the 

VGC, or how it recovers from infection and sepsis, may impact host recovery from the disease. 

Sepsis survivors often have chronic health issues 145, highlighting the importance of promoting 

proper sepsis recovery, with the VGC being an interesting therapeutic target.   

1.4.7 Global compositional changes 
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 Attempts have been made to characterize pan-endothelial VGC remodeling during sepsis 

by measuring shed VGC components in circulation. For example, proteoglycan shedding is a 

commonly used measure of VGC degradation in sepsis, as reviewed extensively by Uchimido, et 

al 85. However, this type of analysis makes the assumption that the circulating analytes are derived 

from the endothelium. Hypothetically, parenchymal cells may secrete or shed VGC components 

that end up in circulation. More target analyses of the VGC have the potential to specifically 

observe changes on the vascular surface. A common strategy is to isolate one endothelial bed and 

study VGC remodeling after inflammatory insult. However, there are multiple reports of 

endothelial cells undergo major phenotyping drift in culture 138,146,147, highlighting the importance 

of micro-environmental cues in maintaining endothelial heterogeneity.  

 In vivo sepsis studies focusing on omics-level changes in the vasculature demonstrate that 

not only are there shared pan-endothelial changes but individual vascular beds exhibit unique 

changes 47,138. During endotoxemia, the pan-endothelial translatome was enriched for adhesion 

receptors required for leukocyte recruitment and de-enriched for genes involved in barrier 

maintenance, while individual vascular beds showed distinctive translational responses 138. 

Specifically targeting the VGC by vascular proteome enrichment during S. aureus sepsis shows a 

distinct enrichment compared to the LPS translatome, albeit with some overlap 47. Pan endothelial 

changes include acute phase proteins, coagulation factors, complement components, and ECM-

remodeling factors. Importantly, the VGC underwent organotypic changes in S. aureus sepsis. The 

liver VGC was enriched with neutrophil degranulation factors such as MPO, which coincides with 

intravascular NETs driving thrombosis during S. aureus infection 137. Further, the liver was 

enriched with leukocyte adhesion, integrin signaling, and GAG metabolism factors, especially 

those associated with HA turnover 47. Kidney VGC was enriched with renal adhesion proteins and 
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renal epithelial morphogenesis factors, while the heart VGC was enriched for muscle contraction 

and hypertrophic cardiomyopathy proteins. White adipose tissue and the brain VGC showed few 

unique changes. While this study highlights the heterogeneity of VGC remodeling across each 

organ during S. aureus sepsis, other sepsis-causing agents may have unique signatures. 

Additionally, this study focused on one timepoint, while the dynamic nature of sepsis may only be 

addressed across multiple timepoints. 

1.5 Diagnostics and therapeutics 

1.5.1 Diagnostics, therapeutics, and the VGC  

 With the VGC forming a dynamic and fundamental aspect of vascular biology, it would be 

advantageous to use the VGC as a therapeutic and diagnostic tool during infection and sepsis. 

Diagnostics that detect VGC remodeling as a proxy for sepsis severity have been developed and 

show promise. Additionally, manipulation of host remodeling factor activity or VGC composition 

have been explored as therapeutic options. In this section, diagnostics and therapeutics centered 

around VGC remodeling, and their medical benefit during infection and sepsis, will be 

summarized. 

1.5.2 Diagnostics 

 Detection of shed VGC components in patient plasma or serum is a leading VGC-based 

diagnostic in severe trauma and sepsis, as reviewed extensively in Uchimido, et al 2019 85. In short, 

diagnostics based upon VGC remodeling or shedding fall into two categories: bedside intravital 

microscopy and detection of shed GAGs and proteoglycans. Bedside intravital microscopy 

techniques measure the perfusable diameter of vessels, which is inversely correlated with VGC 

thickness. One study demonstrated that the perusable diameter of vessels was increased in septic 

ICU patients versus non-septic ICU patients. However, there is considerable variation among 
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patients and the perfusable vessel diameter did not correlate with sepsis score severity or other 

measures 122. Although this is an attractive and non-invasive measurement, more studies are 

needed to understand if intravital microscopy has efficacy as an accurate diagnostic. Detection of 

VGC shedding components in circulation, mainly GAGs and proteoglycans. Is another potential 

diagnostic 85. Both HA and HS circulating levels are elevated in sepsis patients over controls. 

Additionally, several studies have shown that circulating Sdc1 levels are elevated in sepsis patients 

and correlate with sepsis severity 85. However, it is crucial to note that although these parameters 

are useful tools in determining sepsis prognostics, their origin as VGC or parenchymal components 

is unknown. Analysis of verified VGC components may be a useful diagnostic parameter of VGC 

shedding and health, particularly in individual organs or vascular beds 47. Further, studying novel 

organotypic changes in VGC composition may reveal new therapeutic windows to protect the 

VGC and promote vascular health. 

1.5.3 Therapeutics 

 The use of glycans or glycan mimetics to inhibit VGC remodeling factors has been 

explored as a strategy to protect the VGC during sepsis. Heparin, a form of short chain and highly 

sulfated HS, is a widely used anticoagulant that has been shown to inhibit VGC degradation. 

Unfractionated heparin, which consists of a large diversity of anticoagulant HS chains, has been 

shown to protect canines from endotoxemia and mice from CLP sepsis 18,148. In mouse 

endotoxemia, heparin was shown to inhibit VGC degradation, neutrophil adherence, and 

neutrophil activation in pulmonary vessels while reducing shed Sdc1 levels in circulation. Further, 

these VGC-protective effects are not dependent upon heparin anti-coagulant activity, as non-

anticoagulant N-desulfated/re-N-acetylated heparin (NAH) recapitulates these phenotypes 18,149. 

Although it is suggested that heparin and NAH may exert these protective effects by inhibit 
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heparanase activity, other means of inhibiting inflammation may account for these phenotypes. 

Therapeutically, using heparin as a VGC-protective agent is complicated by its anticoagulant 

effects, which may not be advantageous to patients undergoing hypovolemic shock or 

thrombocytopenia. Further testing of NAH or more small molecule inhibitors of heparanase in the 

context of infection and sepsis is a promising alternative to heparin. 

 Other VGC degradation inhibition strategies have targeted proteases and steroid hormone 

pathways. Antithrombin, an important regulator of coagulation, inhibits TNF-α induced VGC 

degradation and shedding 150, although use of antithrombin as a sepsis therapeutic is not 

recommended due to a lack of benefit to patients and increased bleeding risk 151. Inhibition of 

MMPs is a promising strategy to blunt VGC remodeling but has not been explored extensively 

therapeutically in the context of infection or sepsis. Use of MMP inhibitor GM6001, also known 

as Ilomistat, has been shown to inhibit VGC shedding induced by fMLP and TNF-α 55, and specific 

MMP inhibitors have shown protective effects in experimental sepsis 152. Inhibition of proteases 

ADAM10 and ADAM17 reduces TNF-α induced shedding of endothelial cell surface endomucin 

59. Steroid hormones have also been explored as therapeutics that support the VGC. After perfusion 

of guinuea pig hearts with TNF-α, hydrocortisone treatment greatly reduced VGC component 

shedding and protected overall VGC structure 153, although the mechanism for this protective 

effect is unclear.  

  Supporting VGC superstructure during remodeling has been attempted with both 

resuscitation and reconstruction. Because proteins like albumin have been shown to be important 

in maintaining a lattice-like structure in the VGC 12, it has been suggested that replenishing protein 

lost during remodeling can support the VGC. In a rat model of hemorrhagic shock, reperfusion of 

animals with fresh frozen plasma greatly reduced VGC loss compared to lactated electrolyte 
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solution commonly used to treat patients with low blood pressure 154. Indeed, the choice of fluids 

and volume of fluid resuscitation can have impacts of VGC shedding during vascular stress 85. An 

alternative strategy of supporting VGC structure is the addition of VGC-mimetic constructs that 

coat activated endothelium and reduce inflammation. An injectable construct consisting of a 

dermatan sulfate backbone and multiple selectin-binding peptides (EC-SEAL) was able to coat 

activated endothelial cells expressing selectins and block platelet activation on the cell surface. 

Further, in an mouse model of DVT, EC-SEAL blocked thrombosis to the same extent as heparin 

155. VGC mimetics or treatments that support VGC superstructure need to be studied more to 

understand their benefit in the context of infection and sepsis. 

1.6 Opportunities and challenges 

 Knowledge about the VGC has rapidly expanded with the discovery and characterization 

of VGC components. However, several barriers have barred detailed global characterization of 

VGC composition until recently. First, it is technically challenging to isolate and purify enough 

VGC material for composition analysis. As phenotypic drift changes ex vivo cultured endothelial 

transcriptomes and proteomes 138,146,147, in vivo analysis of the VGC composition provides a more 

accurate, albeit more challenging, experimental window. New studies are using in vivo endothelial 

translatomics and proteomics to characterize how different vascular beds have shared and unique 

baseline profiles that undergo distinctive remodeling trajectories during sepsis 47,138. However, 

most mass spectrometry techniques used in proteomics are limited by a relatively small dynamic 

range in protein detection that may exclude low abundance proteins that are critical to vascular 

biology. New mass spectrometry techniques such as data-independent acquisition show promise 

for an expanded dynamic range of protein detection and characterization 156. A second barrier to 

VGC characterization is identification of the source of VGC components. Many studies have 
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shown VGC remodeling concomitant with increases in VGC component circulation during sepsis 

and trauma, implying they are abundant in the VGC 85. However, several VGC components, such 

as albumin and coagulation factors, are manufactured in the distal cell populations and are 

deposited in the VGC. Determining the cell population that manufactures a certain VGC 

component can be achieved with cell-specific genetic deletion and subsequent loss from the VGC. 

A third barrier to studying VGC composition is characterizing the relative contributions of glycan 

species. Several GAGs have been shown to be essential to the macrostructure of the VGC 9,20. 

However, N- and O- glycans are also extremely common on membrane bound and secreted 

proteins. To date, there has not been a comprehensive analysis of VGC glycan composition across 

all the various glycan classes. Global VGC glycan composition is possible with glycomics or 

glycoproteomics, although using these analyses in vivo may prove challenging.   

 Current infection models used to study VGC remodeling do not account for the diversity 

of infectious agents. Many of these studies have used LPS as a surrogate for infection, although 

LPS does not recapitulate the complex nature of bacterial infections or represent viral or parasitic 

infection. Use of common sepsis causing agents is critical to understanding the complex nature of 

VGC remodeling during sepsis. Further, most infection models are based around bacterial sepsis, 

although many severe infections are caused by viruses and parasites. SARS-Cov2, the viral agent 

that causes COVID-19, has been shown to induce coagulopathies tied to VGC remodeling 157, and 

circulating VGC components are more abundant in COVID-19 patients 158. Malaria, one of the 

leading causes of sepsis worldwide 159, and other parasitic diseases that cause systemic infection 

are greatly understudied in the context of VGC remodeling. Important insight into VGC 

remodeling regulation can be gathered by using a diversity of pathogens to identify both shared 

and unique remodeling signatures across infection types. 47 
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 Shed glycoproteins in circulation are a long-standing marker for VGC remodeling activity 

and sepsis severity 85, although the cellular origin of these species is not exactly known. Detection 

of circulating analytes known to come from the VGC would be valuable not only as a diagnostic 

but as a theragnostic. For example, the VGC can be used as a proxy for vascular health recovery 

after the start of therapy. Suspected sepsis patients are rapidly placed on broad-spectrum antibiotics 

151, even though the causative agent is unknown at the time and in most cases is never identified 

160. Using a theragnostic to gauge if the patient’s vasculature is stabilizing or continuing to 

deteriorate would be a tool to determine if the administered antibiotic is effective. Detection of 

circulating VGC components could also be useful for identifying which vascular beds are 

undergoing extensive remodeling. Due to recent developments in characterizing organotypic VGC 

profiles 47, detection of certain VGC species is a possible avenue for detecting if a certain VGC 

component is coming from a certain organ’s vasculature, thus giving insight into the organ’s 

health. Future development of methods to further characterize the VGC and its remodeling during 

infection and sepsis provides exciting avenues for therapeutic, diagnostic, and theragnostic 

development.   
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Chapter 2: Proteomic atlas of organ vasculopathies triggered by Staphylococcus aureus 

sepsis  
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2.1 Abstract  

 Sepsis is a life-threatening condition triggered by a dysregulated host response to microbial 

infection resulting in vascular dysfunction, organ failure and death. Here we provide a semi- 

quantitative atlas of the murine vascular cell-surface proteome at the organ level, and how it 

changes during sepsis. Using in vivo chemical labeling and high-resolution mass spectrometry, we 

demonstrate the presence of a vascular proteome that is perfusable and shared across multiple 

organs. This proteome is enriched in membrane-anchored proteins, including multiple regulators 

of endothelial barrier functions and innate immunity. Further, we automated our workflows and 

applied them to a murine model of methicillin-resistant Staphylococcus aureus (MRSA) sepsis to 

unravel changes during systemic inflammatory responses. We provide an organ-specific atlas of 

both systemic and local changes of the vascular proteome triggered by sepsis. Collectively, the 

data indicates that MRSA-sepsis triggers extensive proteome remodeling of the vascular cell 

surfaces, in a tissue-specific manner.  
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2.2 Introduction 

 The mammalian circulatory system is built of specialized tissues capable of specifying 

distinct vascular environments. Due to anatomical and histological constraints, the structure, 

morphology, and composition of the vasculature vary across different organs 1,2. For example, the 

highly specialized blood–brain barrier (BBB) is built of continuous and rather impermeable brain 

capillaries, whereas the liver sinusoids or the kidney glomeruli are made of more permeable, 

discontinuous, or fenestrated blood vessels. The endothelial glycocalyx is a cell surface layer 

located at the luminal side of the blood vessels, and is mainly composed of glycans, glycolipids, 

glycoproteins, and proteoglycans 3. The glycocalyx modulates organ-specific functions, vascular 

hemostasis, and multiple aspects of innate immunity 4. 

 Rapid remodeling of the vascular surfaces occurs during systemic inflammatory responses 

and sepsis 5,6, with increased degradation and shedding of glycocalyx components. Shed material 

can fuel dysregulated inflammatory loops, acting as damage-associated molecular patterns 

(DAMPs) or delaying glycocalyx reconstitution by blunting growth factor signaling 7. Remodeling 

of the endothelial cell surface occurs during leukocyte recruitment and extravasation, and leads to 

activation of the coagulation and complement systems 8–11. Infiltrating immune cells and soluble 

plasma proteins also modulate the final make-up of the endothelial glycocalyx. 

 The occurrence of multiple organ failure (MOF) is a cardinal sign of severe sepsis or 

“septic shock” 12–14. However, the molecular mechanisms determining why certain organs are 

more prone to failure than others are not fully understood. Given its location between the blood 

and tissue compartments, the vascular glycocalyx is an attractive target for therapeutic intervention 

to prevent MOF in sepsis. In fact, it is possible that different vascular beds may respond differently 

to septic factors since they are equipped with unique and dynamic cell surface proteomes and 
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glycomes. Additionally, molecular remodeling of the vascular surfaces could also facilitate acute 

and adaptive immune responses. The ability to track these processes in vivo with temporal and 

spatial resolution is key to understanding early events during systemic inflammatory responses. 

Eventually, such insights might facilitate the molecular classification of sepsis subtypes based on 

specific pathogens and/or host vascular responses 

 Unfortunately, there is limited knowledge of the molecular composition of the vascular 

glycocalyx in vivo, its variation across different organs, and the changes that occur during disease. 

Most studies reported to date rely either on specialized fixation and staining techniques, or on 

indirect assays, for example tracking the levels of selected markers of endothelial dysfunction in 

plasma 15–17. Proteomic approaches have also demonstrated changes in the glycocalyx of cultured 

endothelial cells after exposure to proinflammatory agents 18,19. However, it is most likely that 

cell-based systems do not fully recapitulate the complex nature of the in vivo vascular glycocalyx 

due to the absence of perivascular cells and plasma components. In fact, ~40% of the proteins 

expressed on luminal endothelial cell plasma membranes isolated from rat lungs are totally absent 

in cultured rat lung microvascular endothelial cells, documenting the inadequacy of cell culture 

models to duplicate the natural environment of endothelial cells 20. 

 Terminal systemic perfusion of animals has been used to deliver reactive ester-derivatives 

of biotin to label cell surface proteins accessible from the vascular flow 21,22. This approach is 

simple and effective, and depending on the chemistry of the linkers and the perfusion conditions, 

it can result in the specific labeling of tumors and identification of tumor biomarkers 23. The use 

of biotin facilitates downstream affinity chromatography and can be easily interfaced with shotgun 

proteomics to dissect the vascular cell surface proteome. Studies have demonstrated the utility of 

these approaches to profile and quantify vascular anti- gens in metastatic lesions in the liver and 
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B-cell lymphomas, using time-of-flight (TOF) mass spectrometry 24,25. However, new generation 

mass spectrometers with orbitrap-based technology are now widely available, providing increased 

sensitivity, scan speed, and mass accuracy compared to their predecessors. These instruments 

facilitate high-resolution measurements of fragment ions, improved proteome coverage, lower 

false discovery rates, and more robust absolute and semi-quantitative proteome analysis.  

 In this report, we apply a strategy based on systemic biotinylation of murine tissues, 

streptavidin affinity chromatography and high-resolution LC–MS/MS, all in a fully automated 

workflow, achieving high-throughput and reproducibility. The method was employed to generate 

a label-free semi-quantitative molecular atlas of the murine vascular cell surface proteome at the 

organ level (liver, kidney, brain, heart, and white adipose tissue) and how it changes during 

methicillin-resistant Staphylococcus aureus (MRSA) sepsis. 

2.3 Materials and methods 

2.3.1 Bacterial strain and preparation 

 Methicillin-resistant Staphylococcus aureus (MRSA USA300 TCH1516) was originally 

isolated from an outbreak in Houston, Texas and caused severe invasive disease in adolescents 26. 

MRSA was routinely grown at 37°C on Todd-Hewitt agar (Difco) or in liquid cultures of Todd-

Hewitt broth (THB, Difco) with agitation (200 rpm). Bacteria were inoculated into 5 mL of fresh 

THB and incubated overnight. 400 μL of overnight culture was inoculated into 6 mL of fresh THB 

and incubated to OD600 = 0.4. Bacteria were centrifuged, washed twice with PBS, and suspended 

in PBS at 5×108 cfu/mL. 

2.3.2 Animal experiments 

 For MRSA infection, 8–10-week-old C57Bl/6 male and female mice were injected i.v. 

through the retroorbital sinus with 100 µL PBS as a control group or with 5×107 cfu (100 µL) 
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MRSA. At 24 h post-infection, animals were euthanized by isoflurane and immediately processed 

using systemic chemical perfusions. CFU in the MRSA inoculum were enumerated by serial 

dilution on Todd Hewitt Agar plates to ensure consistent CFU dosing across experiments. Animals 

were housed and bred in Individual Ventilated Cages in a Specific Pathogen Free background, in 

vivaria approved by the Association for Assessment and Accreditation of Laboratory Animal Care 

located in the School of Medicine, UC San Diego. All experiments were performed in accordance 

with relevant guidelines and regulations following standards and procedures approved by the UC 

San Diego Institutional Animal Care and Use Committee (protocol #S99127 and #S00227M). 

2.3.3 Systemic chemical perfusions 

 In vivo biotinylation was essentially conducted as reported 22 with some minor changes. 

Briefly, animals were anesthetized using isoflurane in a closed chamber and a median sternotomy 

was performed. The left ventricle of the heart was punctured with a 25-gauge butterfly needle (BD 

Vacutainer) and a small cut was made in the right atrium to allow draining of perfusion solutions. 

All perfusion reagents were ice-cold and were infused using a perfusion pump (Fischer scientific). 

Blood components were quickly washed out with PBS for 5 min at a rate of 5 mL/min. A solution 

containing 100 mM EZ-link Sulfo-NHS-biotin (Thermo Fischer) in PBS, pH 7.4 was used to 

perfuse the animals at 3 ml/min for 10 min. Finally, animals were perfused with the quenching 

solution (50 mM Tris-HCl, pH 7.4) at 3 ml/min for 5 min. Control animals were perfused in exactly 

the same way but with PBS. 

2.3.4 Organ preparations 

 Mouse organs were harvested and homogenized using zirconia/silica beads, (1 mm 

diameter, Biospec) in a benchtop MagNA Lyser instrument (Roche). Homogenization buffer 

contained 5 M urea, 0.25 M NaCl and 0.1% SDS. Samples were briefly centrifuged at 16100 ×g 
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for 5 min to sediment insoluble tissue debris. The clear supernatant was transferred to a new tube 

and protein was quantified by BCA assay (Thermo Scientific) as per manufacturer instructions and 

stored at −80°C until further analysis. 

2.3.5 SDS-PAGE and in gel western blot 

 Organ homogenates were resolved by SDS–PAGE (Bis-tris 4–12%). After electrophoresis, 

gels were incubated with 50% isopropanol +5% acetic acid for 15 min, followed by a 15 min wash 

with ultrapure water. Gels were further incubated with streptavidin-IRDye680 (LI-COR 

Biosciences) for 1 h with gentle shaking in the dark. Gels were washed three more times for 10 

min in PBS + 0.1% Tween 20. After a last wash with PBS for 5 min, the gel was imaged using an 

Odyssey Infrared Imaging System (LI-COR Biosciences).  

2.3.6 Histological analysis and immunofluorescence 

 Tissues were fixed in 10% buffered formalin (Fischer Chemical) for 24 h, followed by 

submersion in 70% ethanol for at least 24 h. The samples were paraffin embedded and sectioned 

(3 µm), and stained with hematoxylin/eosin. For immunofluorescence of perfused tissues, organs 

were harvested immediately following systemic Sulfo-NHS-Biotin perfusion and fixed in ice-cold 

PBS + 4% paraformaldehyde for 18–24 h with gentle end-over-end agitation. Fixed organs were 

placed in 40% sucrose solution overnight. Saturated organs were then submerged in Optimal 

Cutting Temperature com- pound (OCT) (Sakura) and flash frozen in cassettes submerged in 2-

methylbutane chilled with dry ice. Sections (20 µm) were permeabilized and stained for 1 h with 

1 µg/mL Streptavidin Alexa Fluor 488 (Invitrogen) and 20 µg/mL Isolectin B4 Alexa Fluor 594 

(Thermo Fischer Scientific), followed by mounting medium containing DAPI (Thermo Fischer 

Scientific). Lubricin/PRG4 Antibody (NBP1-19048, Novus Biologicals) was diluted 1/50 and 

detected with secondary goat anti rabbit Alexa Fluor 647 (A-21245, Invitrogen). Sections were 
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mounted on glass slides under #1.5 coverslips. All Z-stacks were acquired with an inverted Zeiss 

LSM 880 confocal with FAST AiryScan, using either a ×10 Plan-Apochromat 0.45NA objective 

or a ×40 LD LCI Plan-Apochromat 1.2NA immersion objective as indicated in the figure legend. 

Images were processed using the in line AiryScan processing module in Zen Black. For intensity 

comparisons, all acquisition parameters were standar- dized to the following: Red channel 561 nm, 

721 master gain, 8.7% laser power, 3.7 AiryScan parameter; Green channel 488 nm, 676 master 

gain, 1.2% laser power, 4.1 AiryScan parameter; DAPI channel 405 nm, 732 master gain, 3.8% 

laser power, 3.8 AiryScan parameter. 

2.3.7 qPCR analysis 

 mRNA was isolated from whole liver extracts, reverse transcribed, and quantitated by qRT-

PCR using the following primers for murine PRG4:5′- CAG GAC AGC ACT CCA TGT AGT-3′ 

(reverse) and 5′-GGG TGG AAA ATA CTT CCC GTC-5′ (forward). mRNA was extracted using 

the RNeasy Kit (Qiagen). cDNA was synthetized using SuperScript III First-Stand Synthesis kit 

(Invitrogen). Expression was quantified using the 2−ΔΔCT method and TBP was used to normalize 

the expression of the target genes between samples. 

2.3.8 Determination of hyaluronic acid concentration 

 Hyaluronan levels in plasma were measured using a Hyaluronan Quantikine Enzyme-

Linked Immunosorbent Assays (ELISA) kit (R&D Systems) according to the manufacturer’s 

recommendation. 

2.3.9 Determination of plasma levels of ALT and AST 

 Blood was collected via cardiac puncture and placed in a pro-coagulant serum tube (BD 

Microtainer #365967) for 4 h at room temperature. Serum was isolated by spinning the tubes at 

2000 xg and collecting the supernatant. All samples were frozen and thawed once before analysis. 



 

54 

 

ALT/AST was measured on a Cobas 8000 automated chemistry analyzer (Roche) with a general 

coefficient of variance of <5%. 

2.3.10 Analysis of bacteria colony-forming unit counts 

 Organs of interest were placed in a 2 mL tube (Sarstedt #72.693.005) containing 1 mL ice-

cold PBS and 1.0 mm diameter Zirconia/Silica beads (Biospec Products #11079110z). Samples 

were homogenized using a MagNA Lyzer (Roche) for 2 min at 6000 rpm. An aliquot of each organ 

sample was serially diluted in PBS and plated on Todd-Hewitt Agar to enumerate CFU. 

2.3.11 Purification of biotinylated proteins 

 Biotinylated proteins were purified from homogenized organs (3 mg protein) using a Bravo 

AssayMap platform and AssayMap streptavidin cartridges (Agilent). Briefly, cartridges were 

prewashed with 50 mM ammonium bicarbonate (pH 8), and then samples were loaded. Non- 

biotinylated proteins were removed by extensively washing the cartridges with 8 M urea in 50 mM 

ammonium bicarbonate buffer (pH 8). Cartridges were washed with Rapid digestion buffer 

(Promega, Rapid digestion buffer kit) and bound proteins were subjected to on-column digestion 

using mass spec grade Trypsin/Lys-C Rapid digestion enzyme (Promega, Madison, WI) at 70 °C 

for 2 h. Released peptides were desalted in the Bravo platform using AssayMap C18 cartridges 

and the organic solvent was removed by vacuum centrifugation (SpeedVac). Samples were stored 

in −20°C prior to LC–MS/MS analysis. 

2.3.12 LC-MS/MS analysis 

 Dried peptides were reconstituted with 2% acetonitrile, 0.1% formic acid, and quantified 

by modified BCA peptide assay (Thermo Fisher Scientific). Equal peptide amounts derived from 

each sample were injected and analyzed by LC-MS/MS using a Proxeon EASY nanoLC system 

(Thermo Fisher Scientific) coupled to a Q-Exactive Plus mass spectrometer (Thermo Fisher Sci- 
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entific). Peptides were separated using an analytical C18 Acclaim PepMap column (0.075 × 500 

mm, 2 µm; Thermo Scientific) equilibrated with buffer A (0.1% formic acid in water) and eluted 

in a 93-min linear gradient of 2–28% solvent B (100% acetonitrile) at a flow rate of 300 nL/min. 

The mass spectrometer was operated in positive data-dependent acquisition mode. MS1 spectra 

were measured with a resolution of 70,000, an automated gain control (AGC) target of 1e6 and a 

mass range from 350 to 1700 m/z. Up to 12 MS2 spectra per duty cycle were triggered, fragmented 

by higher energy collisional dissociation (HCD), and acquired with a resolution of 17,500 and an 

AGC target of 5e4, an isolation window of 1.6 m/z and a normalized collision energy of 25. 

Dynamic exclusion was enabled with duration of 20 s. 

2.3.13 2D-LC-MS/MS analysis  

 Dried samples were reconstituted in 0.1M ammonium formate pH ~10 and analyzed by 

2D-LC–MS/MS using a 2D nanoACQUITY Ultra Performance Liquid Chromatography (UPLC) 

system (Waters corp., Milford, MA) coupled to a Q-Exactive Plus mass spectrometer (Thermo 

Fisher Scientific). Peptides were loaded onto the first-dimension column, XBridge BEH130 C18 

NanoEase (300 µm × 50 mm, 5 µm) equilibrated with solvent A (20 mM ammonium formate, pH 

10, first-dimension pump) at 2 µL/min. The first fraction was eluted at 17% of solvent B (100% 

acetonitrile) for 4 min and transferred to the second dimension Symmetry C18 trap column 0.180 

× 20 mm (Waters corp., Milford, MA) using a 1:10 dilution with 99.9% second dimensional pump 

solvent A (0.1% formic acid in water) at 20 µL/min. Peptides were then eluted from the trap 

column and resolved on the analytical C18 Acclaim PepMap column (0.075 × 500 mm, 2 µm 

particles; Thermo Scientific) at low pH by increasing the composition of solvent B (100% 

acetonitrile) from 1 to 38% (non-linear) over 96 min at 300 nL/min. Subsequent fractions were 

generated with increasing concentrations of solvent B. The first-dimension fractions were eluted 
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at 19.5, 22, 26, and 65% solvent B, respectively. The mass spectrometer was operated in positive 

data-dependent acquisition mode. MS1 spectra were measured with a resolution of 70,000, an 

AGC target of 1e6 and a mass range from 350 to 1700 m/z. Up to 12 MS2 spectra per duty cycle 

were triggered, fragmented by HCD, and acquired with a resolution of 17,500 and an AGC target 

of 5e4, an isolation window of 1.6 m/z and a normalized collision energy of 25. Dynamic exclusion 

was enabled with duration of 20 s. 

2.3.14 Mass spectrometry data analysis 

 MS Raw.files were processed in the MaxQuant platform 27(version 1.6.1.0) and searched 

by the Andromeda search engine 28 against the mouse UniProt FASTA database (downloaded 06–

02–2017) and against a common contaminant database. Search parameters were set as follows: 

enzyme, trypsin/LysC with up to 2 potential missed cleavages; fixed modifications, 

carbamidomethyl on cysteines; variable modifications, oxidation of methionine and acetylation of 

protein N-terminus; minimum peptide length, 7. The false discovery rate (FDR) for both peptide 

and protein identifications was set to 1% and was calculated by searching the MS/MS data against 

a reversed decoy database. Allowed mass deviation for precursor ions was set to 5 ppm and for 

peptide fragments was set to 20 ppm. Label-free quantifications (LFQ) was based on a minimum 

of 2 counts, minimum number of neighbors was set to 3 and average number of neighbors was 6. 

The match between runs option was applied with a match time window of 0.7 min and an alignment 

time window of 20 min. 

2.3.15 Statistical analysis 

 Bioinformatics and statistical analysis of proteomics results were conducted in the Perseus 

statistical suite (version 1.6.5.0) 29 of the MaxQuant computational platform. MaxQuant results 

were imported into Perseus and identified hits were filtered based on number of peptides (>2) and 
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number of MS/ MS scans for each peptide (>2). Missing values were addressed by requiring a cut- 

off corresponding to 75% valid values in at least one group (infected + biotin, uninfected + biotin, 

or PBS controls). Remaining missing values were imputed from the normal distribution using a 

width of 0.3 and a down shift of 1.8. Control samples from PBS-perfused samples were used to 

subtract the background, keeping protein identifications in labeled samples displaying at least a 2-

fold change enrichment. Statistically significant changes between groups were assessed by two- 

way analysis of variance (ANOVA) with a permutation-based false discovery rate (FDR) for 

multiple test correction and truncation after 250 randomizations. Hierarchical clustering was 

applied using Euclidean distances and preprocessing with k-means. The statistical significance of 

the blood chemistry analysis was determined using a two-tailed Student’s t-test in GraphPad prism 

(version 5.03). Pathway and GO term analysis were conducted using the online version of 

Metascape and DAVID server. Louvain clustering was performed in Python 3.6.6 using the python 

package python-Louvain located on the Python Package Index. Clustering was done running 

default parameter settings. 

2.4 Results 

2.4.1 Systemic labeling of vascular structures in murine organs 

 Due to its systemic nature, a septic response is difficult to recapitulate in vitro. Thus, a 

more universal approach is needed to track proteome changes triggered by a septic insult in vivo. 

We explored the labeling of murine vascular compartments using terminal systemic perfusion with 

ester derivatives of biotin to tag, purify, and identify proteins normally exposed to the vascular 

flow. The labeling conditions are summarized in Figure 2.1 and are similar to methods previously 

reported by Rybak, 2005 21.We subjected wildtype C57BL/6J mice to this procedure using sulfo- 
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NHS-biotin as described in the Methods section, and verified the extent of labeling and localization 

of biotinylated material.  

 First, we harvested biotinylated organs, as well as control tissue derived from PBS-

perfused animals. Tissues were homogenized, the homogenates run on SDS-PAGE, and tagged 

proteins were detected by blotting with streptavidin. As shown Figure 2.2, multiple protein bands 

were detected in the biotinylated samples, whereas only faint bands were observed in tissues from 

animals that were perfused with PBS. Tissue-specific differences were also observed, as suggested 

by differential mobility and intensity of the biotinylated protein bands detected in kidney and heart. 

These differences suggested that the accessibility and/or the composition of the vascular proteomes 

might differ among the organs. 

 To better resolve the tissue compartments targeted by sulfo-NHS-biotin perfusion, multiple 

organs were harvested, cryosectioned, and stained with fluorophore-conjugated streptavidin. 

Histological examination by confocal microscopy showed biotinylated proteins in close 

association with blood vessels (Figures 2.3A-D). For example, strong streptavidin reactivity was 

detected in the liver around the hepatic central veins and the sinusoidal microvasculature, but not 

in association with parenchymal hepatocytes (Figure 2.3A). In the kidney, biotinylated material 

was restricted to the glomerular compartments and proximal tubule (Figure 2.3B). In the heart 

(Figure 2.3C) and brain (Figure 2.3D), streptavidin reactivity localized primarily within the 

microvasculature, with no obvious penetration into deeper parenchymal regions. 

 To determine if the biotin labeling was specifically associated with endothelial cell 

surfaces, co-staining with Isolectin B4 (IB4) was performed (Figure 2.3A–D). IB4 is a 

glycoprotein derived from the African legume Griffonia simplicifolia that recognizes terminal 

alpha-linked galactose residues on the carbohydrates lining the endothelial lumen. Partial overlap 
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between the streptavidin and the IB4 staining patterns was observed in all tissues, confirming the 

presence of biotinylated material on the endothelial lumen. However, strong streptavidin reactivity 

was also detected at the basement membrane, and within the adjacent extracellular matrix (ECM) 

of the endothelial cells. Intracellular staining remained low, confirming the inability of sulfo-NHS-

biotin to penetrate the cell membrane due to the charged character of its sulfate functionality. 

2.4.2 Shared and organ-specific vascular proteomics signatures 

 To qualitatively explore the scope of the systemically labeled vascular proteome, two major 

organs (liver, kidney) were homogenized and subjected to streptavidin enrichment and 

trypsinization. Peptide digests were analyzed through an online 2D-LC-MS/MS workflow at 

high/low pH, as described in the Methods section, to perform deep fractionation of the samples 

and to increase proteome coverage. Briefly, samples were first separated by reverse phase 

chromatography on a C18-column at pH 10 and five consecutive fractions were collected by 

eluting at increasing acetonitrile concentrations (17%, 19.5%, 22%, 26% and 65%). The individual 

fractions were then separated at pH 3 on a C18-column and analyzed by LC-MS/MS (Figure 2.4A-

B). Matching control tissue from PBS-perfused animals was subjected to the same analytical 

procedure to account for background signals (i.e. nonbiotinylated proteins that non-specifically 

interact with the streptavidin beads). Only peptides displaying at least a 2-fold enrichment 

compared to the PBS background of the respective organ were considered for further analysis. To 

add more stringency, a positive protein identification required a minimum of two unique peptides 

with two MS/MS scans each. The complete bioinformatic treatment of the data was performed as 

detailed in the Methods section. 

 After filtering the data, 409 non-redundant proteins were identified in the liver and 533 

proteins were detected in kidney samples, at a 1% false discovery rate (Figure 2.4C). A number of 
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proteins (138) were shared between the tissues. We analyzed the subcellular localization of all 

protein identifications using hypergeometric enrichment tests on their associated Gene Ontology 

(GO) terms. In both liver and kidney datasets, we found a significant enrichment for proteins 

associated with the plasma membrane and the extracellular matrix (Figure 2.4D-E). This shared 

proteome included cadherins and cadherin-like proteins, integrins, collagens, laminins, 

proteoglycans, cellular receptors, and enzymes as well as a large repertoire of receptor-type protein 

tyrosine phosphatases. Classical endothelial markers such as VE-cadherin, endoglin, vascular cell 

adhesion molecule 1 (VCAM1), and intercellular adhesion molecule 1 (ICAM1) were also 

identified. Functional enrichment analysis of this signature retrieved pathways associated with cell 

adhesion, vascular morphogenesis, proteoglycan metabolism, and vascular endothelial growth 

factor (VEGF)-signaling pathways (Figure 2.4F). 

 Unique organ-specific proteomic signatures were also detected. For example, liver samples 

were characterized by the presence of multiple scavenger receptors such as C-type lectin family 4 

F (Clec4F), Scavenger Receptor Class B Member 1 (Scarb1), stabilin 1 (Stab1), Stab2, and 

asialoglycoprotein receptor 2 (Asgr2), reflecting the filtering functions of the hepatic 

reticuloendothelial system. We also found a number of proteins involved in lipoprotein remodeling 

and clearance, including low density lipoprotein receptor (Ldlr), angiopoietin related protein 3 

(Angptl3), hepatic triglyceride lipase precursor (Lipc), fatty acid binding protein 1 (Fabp1), and 

LDLR associated protein 1 (Ldlrap1), consistent with the role of the liver as the major target for 

lipoprotein metabolism and uptake. Clec4F is a marker for Kupffer cells, whereas Angptl3, Lipc, 

and Ldlrap1 are soluble proteins presumably bound to the glycocalyx. Similarly, kidney samples 

were specifically enriched in proteins involved in the regulation of blood pressure and fluid 
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balance, including components of the renin-angiotensin system, such as angiotensin converting 

enzyme (Ace), Ace2, glutamyl aminopeptidase (Enpep), and renin 2 (Ren2). 

 Finally, a network approach was applied to focus on potential protein-protein associations 

amongst the unique vascular proteomes. All proteins identified in each tissue were searched 

through the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database to 

generate a network based on physical and functional interactions. Only high confidence protein–

protein associations (STRING association scores >0.07) were retained in the network. The 

Louvain method was used to identify communities (or clusters) displaying a higher density of 

interconnected nodes than expected by random chance 30. These clusters were further segregated 

via force-directed visualization algorithms and subjected to functional enrichment analysis. 

Roughly, 33% of the liver and 31% of the kidney proteins clustered into 4 and 5 distinct Louvain 

communities, respectively (Figure 2.5A–I). Each cluster covered several functional layers that 

were often enriched in distinct biological processes. The results from the Louvain clustering 

showed a clear pattern of functional commonalities between the biotinylated tissues. Interestingly, 

some of the clusters were enriched in organ-specific processes such as signaling through receptor 

tyrosine kinases and glutathione metabolism in the kidney (Figure 2.5B, E), or regulation of lipid 

metabolic pathways and lipoprotein particle clearance in the liver (Figure 2.5H). 

2.4.3 MRSA-sepsis results in profound liver vasculopathy 

 Since sepsis is a systemic syndrome of vascular dysfunction, we reasoned that tracking 

specific molecular changes at the blood/tissue interface could generate new insights into sepsis-

associated vasculopathies. To explore this idea, a proteomics workflow was applied to a murine 

model of sepsis triggered by MRSA bacteremia. Briefly, wildtype C57BL/6J mice were 

intravenously infected through the retroorbital route with 5×107 colony-forming units (CFU) of 
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MRSA, a model that induces lethality within 48 h post-infection 31, or with PBS as a control. Since 

changes in the vascular compartments are expected to precede organ damage and lethality, we 

focused on the early pre-mortality stages of the disease 24 h post-infection 32. 

 Analysis of the pathogen burden at this time point revealed dramatically different bacterial 

invasion and/or colonization across tissues. Liver, kidney, and heart samples exhibited the highest 

pathogen infiltration, followed by brain and WAT (Figure 2.6A). Gross pathology of the liver 

showed white necrotic plaques that were completely absent in control animals (Figure 2.6B), in 

line with previously published findings 33. To confirm that the hepatic pathogen burden was linked 

to ongoing liver failure, we measured plasma levels of liver markers alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST). Indeed, both markers were increased at 24 h post-

infection (Figure 2.6C). Liver tissues showed leukocyte infiltrates, bacterial microabscesses, and 

severe signs of necrotic thrombosis (Figure 2.6D). Pathological hypercoagulation was 

characterized by the presence of large thrombi in the major veins of the liver, leading to blood 

vessel occlusion and disseminated tissue necrosis. Necrotic loci spread out over large areas 

adjacent to the thrombotic zones, and the thrombi were surrounded by layers of 

polymorphonuclear cells. To assess the suitability of the biotinylation perfusions for the analysis 

of vascular alterations during sepsis, liver cryosections from animals challenged with MRSA and 

systemic biotinylation, were probed with fluorescently labeled streptavidin. As shown in Figure 

2.6E, streptavidin reactivity was detected in areas of thrombosis, around the blood vessels and at 

the surface of infiltrating immune cells. Notably, the thrombi were also intensely stained, whereas 

regions of tissue necrosis were streptavidin negative, consistent with occluded blood perfusion into 

those areas. 

2.4.4 Proteomics profiling of vascular surfaces during sepsis 
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 Given that the biotinylation perfusion was able to label protein targets within these key 

vasculopathic regions, the proteomics workflow was expected to render a molecular snapshot of 

the septic organ vasculatures, including the injured hepatic surfaces. For each experiment, 3 

MRSA-infected and 3 uninfected mice were anesthetized and subjected to the systemic 

biotinylation protocol at 24 h post-infection. In addition, one infected and one uninfected mouse 

were perfused only with saline to account for potential background signals. Five different organs 

were selected for proteomics analysis based on their clinical relevance: liver, kidney, heart, brain, 

and white adipose tissue (WAT). In total, we performed four independent experiments resulting in 

a total of 160 LC-MS/MS runs. The samples were quantified using the MS label-free strategy 

described above. To minimize variability introduced by manual sample handling, the workflow 

was fully automated by transferring all sample preparations to a BRAVO liquid handling platform. 

To speed up the process and to be able to perform relative quantification, all samples were analyzed 

using a single run LC-MS/MS, instead of the 2D-LC-MS/MS approach used for deep fractionation. 

However, since sepsis is notoriously heterogenous, we also applied strict bioinformatic and 

statistical criteria to only focus on robust and reproducible changes, as specified in the method 

section.  

 The proteomics screening identified robust and reproducible alterations of a few hundred 

of proteins from each individual organ (liver: 272, kidney: 300, heart: 275, WAT: 185, and brain: 

85), according to a two-way analysis of variance (ANOVA) with a permutation-based false 

discovery rate correction for multiple test comparisons. Missing values were addressed by 

requiring a cut-off corresponding to 75% valid values in at least one group (infected + biotin, 

uninfected + biotin, or PBS controls). Profile plots of proteins complying to strict criteria (see 

Methods) are shown in Figure 2.7A–E. In general, the identified proteome changes covered a wide 
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dynamic range. Notable interassay and intraassay variability was also observed across the samples 

as judge by profile plots of their Label-Free Quantification (LFQ)-normalized intensities (Figure 

2.7A-E, upper panels). Nevertheless, plotting the LFQ-profiles of the top 10 proteins ranked by 

fold change(Figure 2.7A-E, lower panels), showed a clear separation between infected and non-

infected samples in all tissues, indicating that the method can detect quantitative differences 

triggered by sepsis. 

 Closer inspection of the LFQ-normalized intensities showed strong correlations for 

replicates in the same group. For example, proteins identified across three infected livers, 

displayed high Pearson correlation coefficients (r = 0.93, 0.96 and 0.96) (Figure 2.8A), whereas 

correlations decreased when comparing infected vs non-infected controls (r = 0.91, 0.84, and 0.77) 

(Figure 2.8B). Even lower correlations were observed when comparing biotinylated samples with 

non-labeled PBS controls, independently of their infection status (infected vs. PBS, r = 0.62, 0.69, 

and 0.62; uninfected vs. PBS, r = 0.56, 0.71, and 0.74) (Figure 2.8C-D). Similar results were found 

in other tissues indicating that the identity of the proteome accessible through systemic 

biotinylation differs dramatically from uninfected and PBS-perfused tissues. More importantly, 

these findings also indicate that the methodology captures differences specifically associated with 

infection. 

2.4.5 Global and organ-specific proteome changes 

 A comparative view of the proteomic changes taking place across the five organs revealed 

a consistent organ-specific hierarchy (Figure 2.9). In liver, kidney, and heart, many proteins were 

altered between infected, and non-infected samples, whereas in brain and WAT only a few proteins 

showed significant changes (Figure 2.9A). The liver pattern stood clearly out from the other 

organs. Also, some of the hepatic proteins that underwent dramatic changes in labeling included 
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lubricin/proteoglycan 4 (Prg4), macrophage receptor with collagenous structure (Marco), C-X-C 

motif chemokine ligand 9 (Cxcl9), as well as others. We subjected the data to principal component 

analysis (PCA) to determine if the organ protein patterns combined with their LFQ-intensities 

could segregate the data into meaningful groups. Liver samples were clearly separated by PCA 

analysis into infected and non-infected clusters (Figure 2.9B). Kidney and brain also stratified in 

a similar fashion. On the other hand, PCA analysis of WAT and heart samples did not separate the 

infected and uninfected groups from each other. Unsupervised hierarchical clustering of the 

proteomics data revealed complex expression patterns. Heat maps generated to visualize the 

clustered data showed that all tissues had large clusters of proteins enriched or depleted by 

infection (Figure 2.9C). 

 A shared group of 57 proteins was consistently found to undergo changes in all examined 

organs, whereas other proteins were changing in a tissue-specific manner (liver: 88, kidney: 75, 

heart: 85, brain: 8, and WAT: 18) (Figure 2.10A). Functional enrichment analysis of the shared 

proteome retrieved biological pathways associated with coagulation, complement, ECM-

remodeling, and Staphylococcus aureus infection (Figure 2.10B). This proteome signature 

consisted of acute phase reactants (e.g. Hp, Saa2), members of the alternative pathway of the 

complement cascade, for example complement factor b (Cfb), Cfh, and the matrix proteins basal 

cell adhesion molecule (Bcam) and nidogen 1 (Nid1). Interestingly, some of these shared proteins 

experienced very large fold-changes in all organs (e.g. fold-change of haptoglobin (HP) >100 in 

all tissues) whereas other proteins had a more scattered expression, with large fold-changes in one 

organ and modest induction in the others (e.g. >30-fold change of alpha-1-acid glycoprotein 2 

(Orm2) in WAT, whereas ~2–6-fold in all other tissues) (Figure 2.10C). 
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 The fold-changes associated with the top 50 differential proteins in each tissue were ranked 

and visualized as Circos plots (Figure 2.10D). In this representation, each protein corresponds to 

one ribbon, and the width of the ribbon indicates the normalized fold-change of an individual 

protein as a percentage of the summed fold-changes of all identified proteins in a particular organ. 

Strong induction of Hp was observed in all tissues accounting for 7% of all proteome changes in 

the liver, 36% in kidney, 34% in heart, 45% in brain, and 23% in WAT (Figure 2.10D). This is 

clearly shown in the Hp ribbon, which further divides into 5 sub-ribbons that connects back to the 

protein distribution of each organ. Interestingly, the pattern of the liver was unique because it was 

largely dominated by liver-specific markers, as opposed to the other organs where the largest fold-

changes were instead associated with the shared vascular proteome. Proteoglycan 4 (Prg4) 

accounted for 34% of all liver vascular surface proteome alterations but remained undetected in 

the other tissues, except for the heart where it corresponded to 1% of the cardiac proteome changes. 

 We identified other tissue-specific markers, which were further subjected to pathway 

enrichment analysis to delineate organ-specific pathologies (Figure 2.11A-E). In the liver, 

neutrophil degranulation was the most enriched biological process, reflecting the presence of 

multiple neutrophil-derived proteins such as myeloperoxidase (MPO), an essential factor for 

neutrophil antimicrobial responses 34,35. Other liver-specific pathways were related to cell-

adhesion, integrin signaling, and glycosaminoglycan metabolism, especially 

hyaluronan/hyaluronic acid (HA). Kidney samples were enriched in multiple renal adhesion 

proteins such as the kidney-specific cadherin-16, nephronectin, and nephrin, as well as in markers 

of renal epithelium morphogenesis (Figure 2.11B). Similarly, heart-specific processes were highly 

enriched in proteins related to muscle contraction and markers of hypertrophic cardiomyopathy 

(HCM), reflecting potential ongoing heart failure (Figure 2.11C). Finally, a smaller number of 
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organotypic proteins and hence a smaller number of differential pathways were detected in brain 

and WAT tissues, compared with liver, kidney and heart (Figure 2.11D-E). 

2.4.6 Changes in hyaluronan turnover and recognition 

 As mentioned above, some liver-specific markers could be grouped based on their ability 

to influence HA recognition and turnover. HA is a megadalton acidic polysaccharide involved in 

many immunomodulatory processes, including recruitment of activated neutrophils to the liver 

during inflammatory responses 36. Among the proteins enriched in HA metabolism and function, 

we found CD44, one of the main HA receptors that regulates leukocyte trafficking and 

extravasation; the lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1), the primary HA 

receptor in lymphatic endothelium; Tmem2, an endothelial cell surface hyaluronidase; and Prg4, 

a lubricating and anti-inflammatory competitor for HA binding to CD44 (Figure 2.12A)37. 

Notably, endothelial HA binds only weakly to CD44, unless the former becomes cross-linked to 

one or more of the inter-alpha-trypsin inhibitor heavy chains 36. Cross-linked HA constitutes a 

high-affinity ligand for neutrophil CD44 during leukocyte extravasation in the liver sinusoids. 

However, the identity of the heavy chains involved in this modification remains unknown. At least 

6 closely related heavy chains are expressed by many cell types, but only Itih1, Itih2, and Itih3 can 

be cross-linked to HA 38. Interestingly, we detected these three heavy chains in both normal and 

septic livers, but no significant differences were observed regarding the levels of Itih1 and Itih2 

during infection. In contrast, a 5-fold increase in Itih3 was consistently detected in liver samples, 

suggesting a potential role in HA-maturation during liver inflammation.  Moreover, increased HA 

plasma levels has been identified as a sensitive marker of glycocalyx remodeling and liver 

dysfunction during sepsis 39,40. Indeed, at 24 h post-infection, plasma HA levels were elevated 

more than 6-fold in MRSA-infected samples compared to controls (Figure 2.12B).  
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 We focused on Prg4, since this HA-binding protein displayed the largest induction of all 

detected liver proteins, in all liver replicates, and across all independent experiments. Also known 

as lubricin, Prg4 is a secreted high molecular weight glycoprotein composed of globular domains 

connected by an extended mucin region. Prg4 is abundantly expressed in synovial fluid and its 

glycosylation plays an important role in the lubrication of articular joints. Although extra-articular 

expression of Prg4 is known to occur, its physiological role or involvement in liver disease has 

never been reported.  

 Expression and localization studies of Prg4 by immunofluorescence microscopy showed 

dramatic increase and deposition of Prg4 in the microvasculature of septic livers (Figure 2.12C-

D) compared with uninfected control liver. Strong Prg4-immunoreactivity was detected both in 

vascular and perivascular regions, in agreement with the results from the biotinylation 

experiments. Of note, Prg4-staining was also detected in the periphery of large thrombi in the 

vicinity of necrotic areas, and in association with ly6G- positive neutrophils (Figure 2.12E-F). 

Finally, quantitative PCR analysis of liver tissue at 12 h post-infection revealed a 4.2-fold increase 

in PRG4 mRNA compared to uninfected controls (Figure 2.12G). Taken together, these signatures 

suggest that remodeling of HA and HA-modifying proteins is a liver-specific phenomenon 

activated during MRSA sepsis.  

2.5 Discussion 

 Remodeling of the vascular glycocalyx is a hallmark of devastating diseases such as 

atherosclerosis, cancer and dysregulated inflammatory responses. Both glycocalyx shedding and 

repair (remodeling) are tightly regulated by a variety of mechanisms that can be triggered in 

response to physiological and/or pathological stimuli. A mechanistic understanding of these 

processes has been hampered by a general lack of tools to properly address their molecular basis. 
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Prior studies have demonstrated the use of systemic perfusion to tag murine vascular surfaces in 

vivo, using ester derivatives of biotin 21,22. In principle, this delivery route creates a window to 

track molecular events at the blood/tissue interface and to gain insights into changes in the vascular 

proteome in a broad spectrum of diseases. However, these previous studies were based on labor-

intensive protocols, with limited reproducibility and throughput. Additionally, chemical labeling 

has mainly been interfaced with off-line chromatographic separations and low-resolution MS. 

Nevertheless, these techniques have potential as generic tools to interrogate preclinical models of 

vascular diseases such as sepsis, where multiple host tissues are simultaneously engaged. 

 In the present study, we combined systemic biotinylation of murine tissues with an 

automated proteomics workflow to profile the vascular surfaces in a more robust and quantitative 

fashion. Indeed, multidimensional chromatography and high-resolution proteomics profiling of 

murine organs confirmed the presence of a complex protein landscape embedded in the vascular 

glycocalyx. In keeping with previous reports, proteins accessible to the vascular flow comprised a 

large number of adhesion molecules (including many classical endothelial markers), receptor 

tyrosine kinases, enzymes, scavenger receptors, proteoglycans, and plasma proteins. Notably, we 

observed the presence of a shared core proteome, probably essential to basic vascular functions of 

most tissues, along with concomitant organ-specific vascular signatures. Phenotypic heterogeneity 

of the vasculature is a phenomenon that has become widely recognized 41,42. Organotypic 

specification of vascular tissues allows the organs to meet basic requirements of oxygenation, 

nutrient acquisition, hemodynamic regulation, and immunosurveillance, across a wide range of 

local environments. Organs such as the liver or kidney are specifically involved in regulating the 

rate of exchange and/or clearance of ions, metabolites, proteins, and bacterial toxins from 

circulation, and thus some organ-specific functions need to be wired at the vascular level. 
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Consistent with this idea, we found proteomic signatures specific to hepatic or renal vascular 

surfaces that reflected specific functions of those organs. For example, in the liver multiple 

proteins involved in lipid clearance were detected together with a large repertoire of scavenger 

receptors. In contrast, kidney displayed proteome signatures consistent with its role in controlling 

fluid balance and blood pressure. Recently, in vivo phage display assays facilitated identification 

of peptides capable of homing to specific vascular beds in vivo 43. These approaches have been 

useful in generating tools for targeted delivery of compounds to specific vascular “zip codes”, and 

they highlight the tremendous organotypic heterogeneity of the vascular surfaces. Similarly, recent 

developments in single cell sequencing have facilitated detailed profiling of the brain vasculature, 

revealing specific molecular signatures associated with zonation along the arteriovenous axis 44. 

 To obtain a holistic picture of vascular changes taking place during sepsis, we adapted a 

murine model of MRSA-sepsis and subjected the animals to chemical labeling and a proteomics 

workflow, selecting several organs for molecular profiling. We constructed a label-free semi-

quantitative proteomics atlas of the murine vascular cell surface proteome at the organ level (liver, 

kidney, heart, brain, and WAT), and demonstrated that a septic insult triggered by MRSA 

bacteremia causes substantial remodeling of the vascular surfaces. More specifically, we 

demonstrated that MRSA-sepsis results in enrichment of acute-phase reactants and specific matrix 

proteins in the vasculature of multiple tissues. Interestingly, some of the identified proteins, such 

as Hp and the serum amyloid proteins Saa1 and Saa2, have already demonstrated predictive value 

for diagnosis of systemic inflammatory processes, including neonatal sepsis 45. We also identified 

alterations of an array of proteins and biological processes in particular tissues, including 

potentially novel pathways associated with hepatic HA-recognition and turnover. Our proteomics 

screening singled out the liver as a hotspot for MRSA sepsis pathology, a pattern further confirmed 
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by blood chemistry and histopathological evidence of liver dysfunction, necrosis and thrombosis. 

The levels of many proteins in the hepatic vasculature changed during infection. One in particular, 

Prg4, consistently dominated the global pattern of proteome changes in the liver. Prg4 can 

oligomerize and deposit in the superficial zone of the articular cartilage, acting as a lubricating gel 

to reduce friction 46. Due to the large amount of negatively charged carbohydrates decorating its 

mucin domain, Prg4 can impact the adhesion properties of synovial cell populations, bacteria and 

immune cells 47. Interestingly, Pgr4 is also expressed in the liver but a role in basic liver physiology 

or pathology has never been described. Here we report that PRG4 gene expression is rapidly 

induced during MRSA bacteremia, resulting in its secretion and abundant vascular deposition in 

the liver. Notably, Prg4 was also detected in association with the surface of neutrophil populations, 

adhering to the edges of large necrotizing thrombi, partially occluding the perfusion of the liver. It 

is conceivable that vascular deposition of Prg4 during liver inflammation might impact the 

adhesion of bacteria to the glycocalyx and influence how immune cells such as neutrophils interact 

with the activated endothelium. A mechanistic understanding of the role of Prg4 during acute 

hepatic injury, and especially during MRSA sepsis, warrants future studies.  

 Circulating glycocalyx fragments are most likely good markers of organ-specific 

pathologies. However, we do not know if some of the proteome alterations reported in this study 

can also be detected in plasma. Plasma proteomics has been widely applied to identify fluid 

biomarkers of sepsis 32,48. One major challenge with these analyses though is the broad dynamic 

range of plasma proteins, which exceeds 10 orders of magnitude 49. Profiling molecular changes 

in the vascular compartment can aid in the search for novel plasma markers by defining molecular 

targets undergoing remodeling at the vascular wall. Having pre-knowledge of what kind of 

candidate molecules to seek might facilitate the application of targeted proteomic assays to the 
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plasma proteome to increase sensitivity and coverage. Indeed, future studies will be directed to the 

validation of promising candidates in plasma samples to assess their predictive value. Finally, this 

study focused on a single time-point, but the dynamic nature of the sepsis response can only be 

fully addressed with temporal-spatial resolution. Tracking some of these markers over time will 

be imperative to achieve that final goal. 
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2.7 Figures 

 
Figure 2.1 Workflow for in vivo biotinylation of vascular antigens. Animals were first perfused 

with saline (PBS) to remove blood, followed by biotinylation using an isotonic solution of sulfo-

NHS-biotin. Unreacted NHS-groups were quenched by perfusion with a Tris-HCl buffer (pH 7.4). 

All buffers were kept ice-cold and the perfusion times were kept as short as possible to minimize 

potential tissue damage and disruption. After biotinylation, multiple organs were harvested and 

preserved for histological analysis, or immediately homogenized and subjected to proteomics 

analysis. 
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Figure 2.2 Western blotting analysis of organ lysates derived from systemically biotinylated 

mice. Kidney and heart tissues from animals subjected to perfusion with sulfo-NHS-biotin were 

homogenized and resolved by SDS-PAGE. Protein signals were detected by incubating with a 

streptavidin probe conjugated to an infrared dye. Strong streptavidin reactivity was detected in the 

biotinylated samples (lanes 1 and 3). Only faint signals were observed in control tissue derived 

from animals perfused with PBS (lanes 2 and 4). 
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Figure 2.3 Protein biotinylation is primarily associated with vascular compartments. Murine 

tissues from animals perfused with sulfo-NHS-biotin were excised and subjected to 

cryosectioning, followed by histological analysis using fluorescently labeled streptavidin. 

Cryosections from liver (A), kidney (B), heart (C), and brain (D) were imaged using confocal 

microscopy. Most of the streptavidin reactivity was closely associated with vascular tissue 

structures such as the liver sinusoid or the kidney glomerular microvasculature. Tissue slides were 

also co-stained with IB4 to visualize the endothelial lumen. Partial co-localization between 

streptavidin and IB4 stains indicated incorporation of biotin into the endothelial glycocalyx but 

also in the nearby extracellular matrix and the vascular extracellular space. Histological analysis 

was conducted in biological triplicates, but only representative slides are shown. CV: hepatic 

central veins, S: sinusoids, G: glomeruli, PT: proximal tubules, MV: microvasculature. Scale bar, 

20 μm. 
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Figure 2.4 Online 2D-LC-MS/MS proteomics analysis of liver and kidney proteins. 

Biotinylated proteins from one liver and one kidney samples were enriched on streptavidin 

columns, trypsinized and subjected to an online 2D-LC-MS/MS workflow on a C18 column at 

high/low pH. Total ion chromatograms for 5 consecutive fractions from liver (A) and kidney (B) 

peptide digests are shown, indicating that proteins eluting from the C18 column at high pH and at 

increasing acetonitrile concentrations display different chromatographic behaviors when separated 

at low pH, consistent with an orthogonal fractionation strategy. Venn diagrams showing unique 

and shared protein components (C). Hypergeometric enrichment test for subcellular localization 

showed significant enrichment for proteins located in the cell membrane and extracellular matrix 

in both liver (D) and kidney (E). Functional enrichment analysis of shared proteome signatures is 

shown in (F). 
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Figure 2.5 Network analysis of systemically biotinylated proteins from liver and kidney 

tissues. Proteins identified through proteomics analysis were used to generate a protein-protein 

association network through the STRING database. Protein interactions were limited to high 

confidence physical or functional associations (association score > 0.7). The final network was 

subjected to Louvain clustering to identify highly interconnected communities. The identified 

clusters were further segregated via force-directed visualization algorithms and subjected to 

functional enrichment analysis using the web-based version of Metascape. Kidney proteins were 

clustered into 5 different communities (A-E) whereas liver samples were segregated into 4 

different cluster (F-I). Some of these clusters were enriched in specific functions and organ specific 

biological pathways. 
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Figure 2.5 Network analysis of systemically biotinylated proteins from liver and kidney 

tissues (continued) 
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Figure 2.5 Network analysis of systemically biotinylated proteins from liver and kidney 

tissues (continued) 
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Figure 2.6 The murine model of MRSA-sepsis has a profound liver vasculopathic phenotype. 

Analysis of the pathogen burden expressed as colony-forming units (CFUs) at 24 h post-infection 

(A). A representative image of liver gross pathology in uninfected and infected mice at 24 h post-

infection shows the presence of white areas corresponding to necrotic areas across the liver 

parenchyma (b). Quantification of soluble markers of liver damage alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST) in serum collected 24 h post-infection (c). 

Hematoxylin and eosin staining of representative liver sections from infected animals showing 

signs of necrosis (yellow arrow) and thrombosis (black arrows), scale bar, 100 μm. d 

Representative liver section from mice challenged with MRSA, subjected to systemic 

biotinylation, and stained with streptavidin (green), IB4 (red) and DAPI (blue) (e). For a and c, 

data was pooled from two independent experiments with n = 3 and n = 4 mice per experiment, 

where mice were infected but not subjected to biotinylation perfusion. Data are represented as 

mean ± SD. ***p < 0.001 by two-sided Student’s t-test. 

  



 

82 

 

 
 

Figure 2.7 Profile plots of the label-free quantification (LFQ) normalized intensities of 

significant protein targets detected in the organ vasculatures. Combined proteomics datasets 

of MRSA infected (n=12) and uninfected (n=12) biological replicates of liver (A), kidney (B), 

heart (C), WAT (D) and brain (E) show that the proteome changes detected by the method 

encompassed a broad dynamic range. There was a notable intrassay (within the same group) and 

interassay (within experiments) variability in the LFQ-values (A-E, upper panels). However, 

plotting the top 10 differential proteins identified in each tissue makes evident that the changes 

during infection largely exceed the experimental error since the method is still capable of 

differentiating between infected and uninfected samples (A-E, lower panels). 
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Figure 2.8. Multiple correlation plots of the label-free quantification intensities across liver 

samples analyzed in the same individual experiment. Pearson correlation coefficients were 

derived from the plots and compared across biological replicates of infected, uninfected and PBS-

control liver tissues. Infected replicates (A) showed high Pearson correlation coefficients, whereas 

correlations were decreases when comparing infected vs uninfected (B). Even lower correlations 

were observed when comparing labeled samples with the PBS controls independently of their 

infection status (C-D). 
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Figure 2.9 Changes in the vascular cell surface proteome in a murine model of MRSA-sepsis. 

Biotinylation perfusions were coupled to an automated shotgun proteomics workflow to identify 

organ-specific vascular targets changing in a murine model of MRSA-sepsis. We performed 4 

separate experiments, which resulted in the simultaneous proteomics profiling of infected (n =12) 

and uninfected (n =12) mice across 5 major organs (liver, kidney, heart, brain, and WAT). (A) 

Differential expression analysis of proteins significantly changing during infection showed that 

the examined organs displayed a clear hierarchy in terms of the type and amounts of vascular 

proteome that was altered during sepsis, with liver samples being among the most severely 

affected. (B) Principal component analysis (PCA) of the identified proteins segregated the liver, 

kidney, and brain tissues into infected and uninfected groups, but was less specific for WAT and 

heart stratification. (C) Unsupervised hierarchical clustering of the data revealed dramatic 

proteome changes at 24 h post-infection with large protein clusters being differentially regulated 

across all examined organs. 
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Figure 2.10 Remodeling of the vascular surfaces during MRSA-sepsis. (A) Venn diagrams of 

significant proteins hits across the organs (infected n =12, uninfected n= 12) revealed that a total 

of 57 proteins were shared among all examined tissues, whereas other targets were changing in a 

tissue-specific fashion. (B) Functional enrichment analysis using the Metascape tool indicate that 

biological processes related to coagulation, acute phase responses and ion hemostasis are highly 

enriched in the shared proteome across all organs. (C) Heat map of the organ average fold-change 

values for all proteins in the shared category. (D) Circos plot depicting the normalized fold-

changes of the top 50 differential proteins across five organs. Each protein value is expressed as a 

ribbon with a unique color, the width of which corresponds to the normalized fold-change of that 

protein as a percentage of the summed fold-changes of all identified proteins in each tissue. 

Haptoglobin (Hp) is marked with an encircled number 1 to illustrate proteins displaying large 

induction in all tissues, whereas proteoglycan 4 (Prg4) is marked with an encircled number 2 to 

highlight proteins displaying very large fold-changes in a tissue-specific fashion. 
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Figure 2.11 Proteomics and functional enrichment analysis of the vascular cell surface 

proteome identified multiple shared and organ-restricted biological pathways dysregulated 

during sepsis. All significantly changing proteins across liver (A), kidney (B), heart (C), brain (D) 

and white adipose tissue (WAT) (E) were analyzed by Metascape resulting in enrichment in 

particular biological pathways. 
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Figure 2.12 Changes in hyaluronan and hepatic hyaluronan-binding proteins. (A) Relative 

label-free quantification (LFQ) analysis of proteomic changes in the hepatic vasculature during 

sepsis reveals differential abundance of multiple targets involved in hyaluronic acid recognition 

and turnover. (B) The levels of circulating hyaluronic acid in plasma at 24 h post-infection were 

also significantly increased in a separate cohort of MRSA-infected animals (n=7) compared with 

controls (n = 3). (C,D) MRSA infection increases expression and deposition of Prg4 along the 

central veins and the sinusoidal microvasculature. (E,F) Prg4-immunoreactivity was also found at 

the edges of large necrotic thrombi in association with Ly6G+ neutrophils. (G) qPCR analysis in 

a separate cohort of mice (infected livers n=7, uninfected controls n=3) demonstrated increased 

expression of hepatic Prg4-mRNA levels already at 12 h post-infection. Data are represented as 

mean ± SD. ***p<0.001, **p<0.01 and *p<0.05 by two-sided Student’s t-test. Scale bar, 100μm   
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Chapter 3: Sepsis and infection in mice altered in endothelial heparan sulfate  
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3.1 Introduction 

 Heparan sulfate (HS) is ubiquitously expressed by all animal cells and impacts native 

immune responses 1. HS is a polyanionic linear polysaccharide composed of repeating disaccharide 

subunits generated from glucuronic acid, GlcA, and N-acetylglucosamine, GlcNAc 2. HS chains 

assemble while covalently attached to core proteins to form heparan sulfate proteoglycans 

(HSPGs). HSPGs include syndecan 1-4, which are anchored to cells via their transmembrane core 

protein, and glypican 1-6, which have their core protein covalently linked to a 

glycosylphosphatidylinositol anchor. Cell surface syndecans and glypicans have HS bound only 

to the extracellular domain of the core protein 2. There is considerable heterogeneity in the structure 

of HS. The initial modification reaction, N-deacetylation and N-sulfation of GlcNAc, is catalyzed 

by N-deacetylase-N-sulfotransferase 1 (Ndst1)3. Subsequent HS sulfation relies on Ndst1 activity, 

and Ndst1 deletion results in reduced overall HS sulfation 4. As the HS chain polymerizes, O-

sulfation of carbon 6 (C6) and C3 of glucosamine units and C2 on uronic acids occurs 5. Addition 

of sulfate groups to HS occurs in short interspersed segments with intervening long tracts of 

unmodified sugars 2. Very distinct modifications in HS, defined by arrangements of IdoA and 

sulfate groups, and non-specific arrangements of sulfate groups govern protein-HS interactions 6. 

 HSPGs expressed on the cell surface are involved in inflammation 1, and may be involved 

in sepsis pathophysiology (Table 1). HS binds to a large cohort of chemokines and cytokines 7, 

which increase dramatically during inflammation and sepsis 8. Endothelial HS is important for 

chemokine presentation and transport, as well as neutrophil extravasation 4,9 and lymphocyte 

homing to peripheral lymph nodes 10. Directional crawling of neutrophils on venular endothelium 

is mediated by chemokine gradients bound to HS 11. Inflammation upregulates HSPG expression 

in monocytes and macrophages 12. Other studies show that HS and HSPGs influence bacterial 
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infection. Group B Streptococcus (GBS) uses HS to invade the blood brain barrier and cause 

meningitis 13. Neutrophils derived from mice lacking in 2-O sulfation are deficient in neutrophil 

extracellular trap formation, rendering the mice more susceptible to GBS sepsis 14. Syndecan-1 

knockout mice (Sdc1-/-) mice have increased resistance to Pseudomonas aeruginosa 15 and 

Staphylococcus aureus lung infection 16. Sdc1-/- mice are also protected from S. aureus corneal 

infection 17. It was recently found that 2-O-sulfated HS moieties bind CRAMP, the murine 

cathelicidin antimicrobial peptide (and homologue of human LL-37), during S. aureus infection of 

the corneal epithelium, inhibiting neutrophil killing of bacteria 18. Additionally, Sdc1-/- mice with 

a P. aeruginosa-infected burn wound have decreased mortality, bacterial systemic spread, and pro-

inflammatory cytokine levels 19.  

 The role of HSPGs in the immune response becomes even more complex as they undergo 

shedding from the endothelial cell surface. Shedding occurs through proteolysis of the HSPG 

ectodomain proximal to the plasma membrane via matrix metalloproteases 20 and cleavage of the 

chains can occur by extracellular heparanase, an endogenous heparan sulfate-specific β-

glucuronidase 21. Upon shedding, HS and HSPGs, along with bound proteins, enter the surrounding 

environment and/or bloodstream where they mediate several processes. Additionally, shed HSPGs 

can act as a sink to “soak up” excess cytokines in circulation. Changes in HSPG and HS shedding 

are observed in sepsis (Table 1). S. aureus α- and β- toxins activate Sdc1 shedding in cultured cells 

22,23. SEB, another toxin of S. aureus, also induces Sdc1 shedding and high mortality in mice. 

Further, heparanase-deficient (Hpse-/-) mice are protected from sepsis 21.  

 However, HSPGs do not always exacerbate infection and sepsis. Sdc1-/- mice have 

increased mortality and organ damage in lipopolysaccharide (LPS) 24 and staphylococcal 

enterotoxin B (SEB) 25 induced sepsis. Sdc4-/- mice are also more susceptible to LPS-mediated 
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sepsis 26. Intraperitoneal (i.p.) injection of HS with SEB greatly decreases mortality, blood 

cytokine levels, and organ damage 25.  Considering the conflicting influence of HS/HSPGs on 

sepsis outcome (Table 1), there is currently no unifying explanation of their function in this 

context.  

 Although previous studies focusing on HS or HSPGs show the importance of these host 

factors during infection, most of them utilize strategies that do not specifically study how HS in 

the VGC affects infection outcome. In fact, very few studies have used targeted deletion of VGC 

components to study how altering the VGC impacts sepsis outcome. Our preliminary results shown 

below provide a new path for studying connections between the VGC, HS, and sepsis. Selective 

Ndst1 deletion in endothelial and myeloid cells in Ndst1f/fTie2Cre mice was utilized to structurally 

alter HS in the VGC. Sepsis responses in mice with altered HS in the VGC were stratified across 

several sepsis-causing agents. Further, individual cell populations from Ndst1f/fTie2Cre mice were 

isolated to characterize how altering HS affects infection in cell populations relevant to sepsis.  

3.2 Materials and methods 

3.2.1 Animal model 

 Ndst1f/fTie2Cre animals were bred according to Wang, 2015 4. Briefly, Ndst1f/f mice were 

bred to transgenic mice expressing Cre recombinase under control of the Tek promoter-enhancer 

(Tie2Cre). Male Ndst1f/fTie2Cre+ mice were bred with female Ndst1f/f mice to yield mutant mice 

(Ndst1f/fTie2Cre+) and wild-type littermate controls (Ndst1f/fTie2Cre-). All experiments used age- 

and sex-matched littermates. Offspring were genotyped by PCR with genomic DNA isolated from 

tail clip tissue. 

3.2.2 Bacterial culture and sepsis models 
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 Staphylococcus aureus USA300 TCH1516, Streptococcus pyogenes M1 5448 (Group A 

streptococcus, GAS), and Streptococcus agalactiae 10/84 (Group B streptococcus, GBS) were 

cultured from frozen 25% glycerol stocks in 5 mL overnight cultures in Todd-Hewitt Broth (THB, 

Difco) with agitation (200 rpm) at 37°C. 400 uL of overnight S. aureus culture was subcultured in 

6 mL of fresh THB and grown to 0.4 OD600, whereupon bacteria were centrifuged and washed 

with sterile PBS twice and resuspended at 5x108 cfu/mL. To induce S. aureus sepsis, 100 µL of S. 

aureus was injected via intra-venous retroorbital injection. For both GAS and GBS culture, 1 mL 

of overnight culture was diluted in 9 mL fresh THB and incubated with agitation (200 rpm) at 

37°C until 0.4 OD600. The 10 mL culture was centrifuged and washed twice in PBS, which was 

concentrated to 7x108 cfu/mL for GBS and 5x108 cfu/mL for GAS. 100 µL of bacteria was i.p. 

injected to induce GBS or GAS sepsis. For S. pneumoniae strain D39 culture, frozen stocks were 

inoculated into 5 mL Todd-Hewitt broth containing 2% yeast extract (Difco) and incubated without 

shaking at 37°C in a 5% CO2 incubator. After overnight incubation, bacteria are re-inoculated into 

fresh broth and cultured to 0.4 OD600. Bacteria was washed in PBS twice and diluted to 1 x106 

cfu/mL, and 100 uL was injected i.p. to induce S. pneumoniae sepsis. For culture of Salmonella 

typhimurium 14028 and E. coli ATCC 25922, frozen 25% glycerol stocks were inoculated in 5 mL 

LB (Difco) overnight with agitation (200 rpm) at 37°C. S. typhimurium and E. coli were diluted 

1:10 in fresh LB, grown to 0.4 OD600, and centrifuged and washed twice in PBS. S. typhimurium 

was concentrated to 1x108 cfu/mL in PBS and injected via oral gavage. E. coli was diluted to 1x108 

cfu/mL and 100 µL was injected i.p. to induce sepsis. Infection inoculum colony forming units 

(CFUs) for all bacterial strains was determined by serial dilution in PBS and plating on agar plates 

with growth media used to subculture the respective bacterial strains. S. pneumoniae was the 

exception, which was enumerated on 5% sheep blood agar plates (Hardy Diagnostics). Mice were 
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monitored twice daily and sacrificed upon severe morbidity as determined by inability to grasp 

with their forelimbs.  

3.2.3 Endothelial Entry of Bacteria 

 Endothelial cells were isolated, immortalized, and Ndst1 inactivated  as described in Wang, 

2005 4. Endothelial cells were plated in DMEM (Gibco) with 20% heat-inactivated fetal bovine 

serum (FBS). Endothelial cells were plated at 50% confluency in 24 well plates 3 days prior to 

infection. To infect endothelial cells, bacteria were added at 10 multiplicity of infection (MOI) and 

spun at 160 xg for 3 minutes to initiate bacteria-endothelial contact. After 2 hours of incubation at 

5% CO2, gentamycin was added to 100 µg/mL and penicillin was added to 5 µg/mL. The culture 

was incubated for an additional 30 min to kill extracellular bacteria. After the 30 min incubation, 

the plate was spun at 500 xg for 5 minutes, wells were washed with 100 uL PBS, then spun down 

again. PBS was removed, and 100 uL of 0.05% TritonX in PBS was incubated on the cells for 10 

minutes at room temperature. 20 uL of the lysis mixture, as well as sequential dilutions of 1:10, 

1:100, 1:1000, were plated on appropriate solid media to enumerate intracellular CFU. 

3.2.4 Macrophage entry of bacteria 

 Tie2 driven inactivation of genes can result in recombination of “floxed” genes in the 

hematopoietic lineage in addition to the endothelium 27. Therefore, infection parameters were also 

examined in myeloid-lineage cells including macrophages. Macrophages were isolated and 

matured from the bone marrow of Ndst1f/fTie2Cre mice as described in Gordts, 2014 28. Mature 

macrophages were plated in 96 well plates at 3x105 cells/well in RPMI (Gibco) with 10% FBS. 24 

hours later, freshly cultured bacteria were added at 10 MOI and the plate was spun at 160 xg for 3 

minutes to initiate bacteria-macrophage contact and incubated for the desired amount of time. 

Gentamycin was added to the media and incubated for 30 minutes. Dead extracellular cells were 
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washed away with PBS, and intracellular bacteria were liberated via host cell lysis and enumerated 

with serial dilution. PBS was removed, and 100 uL of 0.05% TritonX in PBS was incubated on 

the cells for 3 minutes at room temperature followed by vigorous pipetting. 20 uL of the lysis 

mixture, as well as sequential dilutions of 1:10, 1:100, 1:1000, were plated on appropriate solid 

media to enumerate intracellular CFU. 

3.2.5 Whole blood killing of bacteria 

 Whole blood was isolated via cardiac puncture of Ndst1f/fTie2Cre mice with hirudin 

anticoagulant pre-loaded in the syringe. 5x105 CFU of freshly cultured bacteria were added to 200 

uL of blood in 2 mL siliconized tubes and incubated end-over-end for 3 hours in 5% CO2 at 37°C. 

20 uL of the whole blood mixture, as well as sequential dilutions of 1:10, 1:100, 1:1000, were 

plated on appropriate solid media to enumerate intracellular CFU.  

3.2.6 Neutrophil killing of bacteria 

 Neutrophils were isolated from Ndst1f/f Tie2Cre mice bone marrow suspensions spun over 

a 62% Percoll gradient. 1x105 neutrophils were added to each well of a 96 well plate in RPMI with 

2% FBS.  Bacteria was added to neutrophils at 0.1 MOI, and the plate was centrifuged at 1600 rpm 

for 5 minutes to put bacteria into contact with neutrophils. The co-culture was incubated in 5% 

CO2 at 37°C for up to 1 hour. CFU was enumerated as in Section 3.2.5.  

3.2.7 Platelet killing of bacteria 

 Blood was isolated from Ndst1f/f Tie2Cre mice as in Section 3.2.5. The platelet-rich plasma 

(PRP) was isolated by centrifugation of blood at 180 xg and pipetting the plasma off the top of the 

separated cell populations. The PRP was placed in siliconized tubes and spun at 100 xg to pellet 

leukocytes. The platelet-enriched supernatant was isolated and spun down at 400 xg for 10 minutes 

to pellet the platelets. Platelets were resuspended in RPMI, counted, and placed in 96 well plates. 
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Bacteria were added at 0.01 MOI and incubated in 5% CO2 at 37°C for 2 hours. CFU was 

enumerated as in Section 3.2.5. 

3.3 Results  

3.3.1 Mouse survival and pathology during sepsis 

 Our hypothesis was that altering VGC HS would impact sepsis outcome. Sepsis was 

induced with an LD50 to LD100 bacterial dose via i.p. injection for common sepsis causing 

pathogens S. pneumoniae, S. pyogenes (Group A Streptococcus, GAS), S. agalactiae (Group B 

Streptococcus, GBS), and E. coli, i.v. injection for S. aureus, or oral gavage for S. typhimurium. 

These routes of infection were chosen based upon their infection efficacy. After injection, sepsis 

outcome was assessed by survival. Altering HS increases host susceptibility to S. aureus (Figure 

3.1A, Table 3.2) while decreasing susceptibility to S. pneumoniae (Figure 3.1B, Table 3.2). 

Importantly, altering HS did not impact sepsis outcome in the other microbial infections (Figure 

3.1C-F, Table 3.2). 

3.3.2 Bacterial entry into endothelial cells and macrophages 

 Pathogenic bacteria often colonize or cross the endothelium to invade tissues. For example, 

GBS uses HS to cross the blood brain barrier and colonize the brain 13. S. aureus uses the 

endothelium as a site to escape host defense systems 29. Macrophages can also be used as sites of 

bacterial replication, which can help bacteria hide from host defense systems, disseminate through 

the host, and increase inflammation through intracellular PAMP signaling 30,31. Our hypothesis 

was that endothelial and macrophage HS impacts entry into these cell types. Immortalized Ndst1f/f 

and Ndst1-/- lung endothelial cells were used for endothelial invasion assays. Macrophages were 

derived and matured from isolated Ndst1f/fTie2Cre bone marrow. Bacteria were added to confluent 

cells at MOI 10, centrifuged to initiate contact, and incubated for 2 hours. Gentamycin was added 
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to the media and incubated for 30 minutes to kill extracellular bacteria. Dead extracellular cells 

were washed away, and intracellular bacteria were liberated via host cell lysis and enumerated 

with serial dilution. Ndst1-/- endothelial cells and macrophages contained fewer amount of GBS 

and S. typhimurium than Ndst1f/f host cells (Figure 3.2-3.3, Table 3.2). 

3.3.3 Bactericidal activity of whole blood, neutrophils, and platelets  

 Bacteremia often occurs in sepsis, with 20% of sepsis cases presenting with bacteremia 32. 

Whole blood does have bactericidal activity, which can be altered by changing HS. Whole blood 

deficient in 2-O sulfation has impaired bactericidal activity against GBS 14. Neutrophils also have 

decreased killing ability when deficient in HS 2-O sulfation 14. Specific blood cell populations 

have been shown to have antimicrobial activity. Platelets are well known for their role in clotting 

and vascular repair, but their role as direct antimicrobial agents against S. aureus has recently been 

established 33. Neutrophils circulate in blood until activated by infection and inflammation, 

whereupon they promote bacterial killing and clearance 34. Our hypothesis was HS sulfation 

impacts bactericidal activity in whole blood, neutrophils, and platelets. Bacteria were added 

Ndst1f/fTie2Cre whole blood with end-over-end movement to mimic blood flow turbulence. 

Neutrophils were isolated from Ndst1f/fTie2Cre bone marrow, while platelets were purified from 

the buffy coat of centrifuged whole blood. Bacteria was added to platelets and neutrophil cultures, 

and live bacteria were counted after co-incubation. Altering myeloid HS increased whole blood 

killing of GBS and S. typhimurium and not in other species (Figure 3.4A-F, Table 3.2). Ndst1-/- 

neutrophils had deficient microbicidal activity against S. aureus (Figure 3.5A), and increased 

killing of GBS and S. typhimurium (Figure 3.5A-F, Table 3.2). Altering platelet HS had no effect 

on microbicidal activity (Figure 3.6A-F, Table 2). 

3.4 Discussion 
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 By using tissue-specific HS mutant animal models to study sepsis and infection outcomes 

across several pathogens, several new novelties and insights were gained. First, few studies have 

used tissue-specific alteration of HS or HSPGs, or any VGC component, to study how these VGC 

components impact sepsis outcome. Our studies suggest that VGC HS is important to infection, 

depending upon the infectious agent. Considering this, these studies are the first example of 

stratifying sepsis outcome from several bacterial pathogens based upon VGC status. Host tolerance 

to septic challenge after VGC alteration can vary depending upon the pathogen, indicating that 

sepsis progression is not uniform across septic insults. Last, this phenotypic screen highlighted 

that HS can differentially impact infection in depending upon the host cell type and pathogen. 

Further studies can determine if these phenotypes are critical to sepsis outcome. 

 The phenotypic screen revealed that modifying VGC HS affected sepsis outcomes in two 

pathogens tested, S. aureus and S. pneumoniae (Figure 3.1, Table 3.2). Interestingly, altering 

vascular HS increased susceptibility to S. aureus while having the opposite affect in S. pneumoniae 

sepsis. HS mutant hypersensitivity to S. aureus infection was very pronounced by 24 hours post-

infection, while protection from S. pneumoniae was less striking. Further, S. aureus infection of 

HS mutant neutrophils showed a correlative phenotype with a defect in neutrophil killing while S. 

pneumoniae infection showed no phenotypes in cells with altered HS (Figure 3.5, Table 3.2). 

Although S. typhimurium and GBS had mirrored phenotypes across every cell type tested, sepsis 

caused by these pathogens was not impacted by HS status. Therefore, further studies investigating 

the impact of altering VGC HS in sepsis focused solely on the S. aureus model. 
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3.6 Figures 

 
Figure 3.1 Susceptibility of Ndst1f/fTie2Cre mice to septic challenge with common sepsis-

causing agents. Mice were infected with LD50 to LD100 of the indicated bacterial pathogens and 

survival was measured. At least 8 mice were used per genotype. p value determined by Log-rank 

Mantel-Cox test. p value in (A) determined using data exclusively from the first two days of 

infection. 
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Figure 3.2 Bacterial entry into Ndst1f/fTie2Cre endothelial cells. Levels of intracellular bacteria 

inside endothelial cells 2.5 hours post-infection. Bacterial CFU is normalized to the percent of the 

input inoculum. Values are representative of one experiment. E. coli values could not be 

determined because endothelial cells lysed in response to bacterial insult. p value determined with 

Student’s T-test. * is  p < 0.05 and *** is p < 0.001. 
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Figure 3.3 Intracellular bacterial burden in Ndst1f/fTie2Cre bone marrow derived 

macrophages. Bacterial CFU were enumerated at the indicated timepoints and normalized to the 

percent of the input inoculum. Values are representative of one experiment. p value determined 

with two-way ANOVA with Bonferroni post-test between genotypes within one timepoint. * is p 

< 0.05 and *** is p < 0.001. 
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Figure 3.4 Ndst1f/fTie2Cre whole blood bactericidal activity. Bacterial CFU were enumerated 

at the indicated timepoints and normalized to the percent of the input inoculum. Values are 

representative of one experiment. p value determined with two-way ANOVA with Bonferroni 

post-test between genotypes within one timepoint. ** is p < 0.01 and *** is p < 0.001. 
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Figure 3.5 Bactericidal activity of Ndst1f/fTie2Cre neutrophils. Bacterial CFU were enumerated 

at the indicated timepoints and normalized to the percent of the input inoculum. 3 hour timepoints 

are excluded from some pathogens due to overgrowth of the culture. Values are representative of 

one experiment. p value determined with two-way ANOVA with Bonferroni post-test between 

genotypes within one timepoint. * is p < 0.05, ** is p < 0.01, and *** is p < 0.001. 
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Figure 3.6 Bactericidal activity of Ndst1f/fTie2Cre platelets. Bacterial CFU were enumerated at 

the 2 hours post-infection and normalized to the percent of the input inoculum. 0 CFU indicates 

bacteria was below the detection limit. Values are representative of one experiment. Statistical 

significance as tested with Student’s T-test was not reached with any pathogen. 
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3.7 Tables 

Table 3.1: Stratification of HS/HSPG influence on sepsis 
 
Studies that show 
HS/HSPGs increase 
susceptibility to sepsis 

Context of infection/insult Effect on Immune 
Response/Sepsis 

Ref. 

Sdc1-/- mice, P. aeruginosa 
lung infection 

Increased host resistance 
to infection 

15 

Sdc1-/- mice, S. aureus lung 
infection 

Increased host resistance 
to infection 

16 

Sdc1-/- mice, S. aureus 
corneal infection 

Increased host resistance 
to infection 

17 

Sdc1-/- mice, P. aeruginosa 
burn wound infection 

Increased host resistance 
to infection, decreased 
inflammatory response 

19 

Sdc1-/- mice, P. aeruginosa 
burn wound infection + 
injected heparin 

Heparin increased host 
susceptibility to infection 

19 

WT mice, S. aureus corneal 
infection 

2-O sulfation binds 
CRAMP, increased host 
susceptibility 

18 

Human sepsis patients, urine 
samples 

Increased urine HS levels 
correlate with death 

35 

WT mice, P. aeruginosa lung 
infection 

HS shedding increased 
host susceptibility to 
infection 

15 

Heparanase-/- mice, cecal 
ligation and puncture 

Increased host resistance 21 

Mouse epithelium, P. 
aeruginosa LasA and S. 
aureus α/β toxins 

Increased Sdc1 shedding 22,23 

WT mice, LPS injection Increased ECM shedding 21 
 
 
 
 

Studies that show 
HS/HSPGs decrease 
susceptibility to sepsis 

Hs2stf/f Tie2Cre+ mice, GBS 
sepsis 

Increased host 
susceptibility 

14 

Sdc1-/- mice, LPS and SEB 
injection 

Increased host 
susceptibility to toxic 
shock 

25 

Sdc4-/- mice, LPS injection Increased host 
susceptibility to toxic 
shock 

26 

WT mice, HS + SEB i.p. 
injection 

Increased host resistance 
to toxic shock, decreased 
inflammatory response 

25 
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Table 3.2 Sepsis and infection model Screen in a Heparan Sulfate Mutant Background 

 

  

Bacteria Mouse 

Survival 

Endothelial 

Entry 

Macrophage 

Entry 

Whole Blood 

Killing 

Neutrophil 

Killing 

Platelet 

Killing 
Streptococcus 

pneumoniae 

Enhanced 

survival in 

Ndst1f/fTie2Cre+ 

mice 

No difference No difference No difference No difference No 

difference 

Staphylococcus 

aureus 

Decreased 

survival in 

Ndst1f/fTie2Cre+ 

mice 

No difference No difference No difference Decreased 

killing by 

Ndst1-/- 

neutrophils 

No 

difference 

Salmonella 

typhimurium 

No difference Reduced 

invasion of 

Ndst1-/- cells 

Decreased 

entry into 

Ndst1-/- cells 

Increased killing by 

Ndst1f/fTie2Cre+ 

blood 

Increased 

killing by 

Ndst1-/- 

neutrophils 

No 

difference 

Streptococcus 

pyogenes 

No difference No difference Increased 

entry into 

Ndst1-/- cells 

No difference No difference No 

difference 

Streptococcus 

agalactiae 

No difference Reduced 

invasion of 

Ndst1-/- cells 

Decreased 

entry into 

Ndst1-/- cells 

Increased killing by 

Ndst1f/fTie2Cre+ 

blood 

Increased 

killing by 

Ndst1-/- 

neutrophils 

No 

difference 

Escherichia 

coli 

No difference No difference No difference No difference No difference No 

difference 
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Chapter 4: Endothelial heparan sulfate mediates hepatic neutrophil trafficking and injury 

during Staphylococcus aureus sepsis  
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4.1 Abstract  

 Staphylococcus aureus sepsis causes profound hepatic vasculopathy, hypercoagulation, 

and organ failure. Liver dysfunction is driven by pro-inflammatory neutrophils that traffic to the 

liver dependent on vascular hyaluronan. In peripheral tissues heparan sulfate (HS), a sulfated 

glycosaminoglycan in the vascular glycocalyx, facilitates leukocyte recruitment during 

inflammation. To examine if reducing the overall sulfation of HS in the vasculature might mitigate 

hepatic damage induced by S. aureus, we inactivated the HS biosynthetic enzyme N-deacetylase-

N-sulfotransferase 1 in endothelial and myeloid cells by crossing Ndst1f/f and Tie2Cre mice. 

Ndst1f/fTie2Cre+ mice displayed lower levels of liver damage and less intravascular coagulation 

compared to wildtype littermate controls. Both the degree of hepatic infarction and liver pathogen 

burden were significantly diminished. In contrast, Ndst1f/fLysMCre+/PF4Cre+ mice were 

unaffected. Impaired neutrophil trafficking was observed in models of liver injury using flow 

cytometry and intravital microscopy. Importantly, neutrophil recruitment was diminished in both 

septic and sterile injury, which utilize different mechanisms for neutrophil recruitment. These 

findings suggest that HS regulates rapid neutrophil trafficking to the liver in multiple types of 

injury and that the fine-structure of vascular HS modulates hepatic coagulopathy and organ 

pathogenesis during S. aureus sepsis.  
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4.2 Introduction 

 Sepsis is a life-threatening organ dysfunction due to a dysregulated host response to 

infection 1. Inappropriate responses to infection by the host vasculature and immune system fuel 

vascular dysfunction, leading to inadequate nutrient delivery to vital organs and subsequent organ 

failure 1–3. Organ failure is a critical aspect of sepsis, yet historically sepsis treatment studies have 

aimed at inhibiting systemic inflammation with little clinical success 4,5. Understanding the 

mechanistic ties between vascular dysfunction and organ failure in sepsis may lead to improved 

organ support and better outcome in patients 4.  

 The vascular surface is covered in a layer of glycans, glycolipids, glycoproteins, and 

glycosaminoglycans (GAGs) termed the glycocalyx 6. The vascular glycocalyx can be as thick as 

the endothelial cell layer and forms the interface between the lumen and the endothelium, 

modulating vascular function 7,8. Sepsis dramatically alters the vascular glycocalyx, promoting 

leukocyte adherence, vascular dysfunction and inflammation 9–12. Until recently, a comprehensive 

in vivo analysis of the vascular glycocalyx, in health or in a disease-state, was lacking. We 

developed an organ-specific proteomic atlas of the murine vascular glycocalyx, demonstrating that 

it changes dramatically in an organotypic fashion during Staphylococcus aureus sepsis 13. A vast 

majority of these proteins are glycoproteins, indicating that each glycocalyx undergoes extensive 

remodeling during sepsis.  

 The liver undergoes the most dynamic and extensive changes in the vascular glycocalyx 

during Staphylococcus aureus sepsis 13. We and others have shown that S. aureus primarily 

colonizes the liver 13,14, where tissue-resident macrophage Kupfer cells (KCs) filter circulating 

bacteria 15,16. Upon bacterial sequestration by KCs, neutrophils rapidly traffic to the liver sinusoids 

to clear the infection. Activated neutrophils release neutrophil extracellular traps in the liver 
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sinusoids, triggering an immunothrombotic response in the liver vasculature that can help ensnare 

bacteria 14,17. However, we and others have shown that this neutrophilic immunothrombosis 

aberrantly develops into a pathological thrombotic response that occludes the liver vasculature and 

ultimately cause parenchymal necrosis and organ failure 13,14. Importantly, blocking neutrophil 

trafficking into the liver completely protects the liver from this damage 14. During infection, 

neutrophil trafficking into the liver depends on CD44 on neutrophils binding to sinusoidal 

hyaluronan, a class of GAG that is abundant in the vascular glycocalyx 14,18. Additionally, we 

showed the liver vascular glycocalyx has a marked increase in HA, HA binding and processing 

proteins, as well as neutrophil activation markers 13. In contrast, during sterile inflammation, 

neutrophils chemotax intravascularly through the sinusoids via an integrin-dependent mechanism 

19. The adhesion molecules and chemotactic signals that govern neutrophil chemotaxis in the liver, 

in sterile or septic inflammation, reside in the vascular glycocalyx. Understanding the components 

of the vascular glycocalyx that regulate neutrophil chemotaxis in the liver is valuable for 

understanding how liver inflammatory processes develop. 

 Heparan sulfate (HS), another type of GAG, is a major component of the glycocalyx and 

is ubiquitously expressed in the vasculature 20. HS is a polyanionic linear polysaccharide composed 

of repeating disaccharide subunits of alternating uronic acids and glucosamine  units that can be 

modified with sulfate groups. Addition of sulfate groups to HS occurs in short interspersed 

segments with intervening long tracts of unmodified sugars 21. The initial modification reaction, 

N-deacetylation and N-sulfation of GlcNAc, is catalyzed by N-deacetylase-N-sulfotransferase 1 

(Ndst1). Further modification includes specific O-sulfation of uronic acids and N-sulfated 

glucosamine units 22,23. The arrangement of uronic acids and sulfated sugars and the high negative 

charge of the chains govern protein-HS interactions and HS function 24.  
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 HS directly impacts multiple aspects of vascular inflammation and sepsis. Endothelial HS 

binds chemokines and participates in chemokine transcytosis as well as chemokine gradient 

formation that attracts leukocytes toward sites of inflammation 25–33. HS mediates neutrophil 

extravasation by interacting with neutrophil selectins during rolling 26,27. Exogenous synthetic HS 

oligosaccharides block neutrophil influx and inflammation in acetaminophen-induced liver failure 

34, while intravenous injection of the recombinant GAG-binding domain of CXCL9 competes with 

native chemokine binding to blunt neutrophil trafficking 35–37. HS chains are normally covalently 

bound to core proteins to form heparan sulfate proteoglycans (HSPGs). HSPGs can promote 

damaging inflammation during bacterial infection 38–41. During sepsis, HS fragments and HSPG 

ectodomains are enzymatically shed from the vascular glycocalyx and can fuel pathological 

processes 9,42–44.  

 In this report, we modified vascular HS fine structure to study how selective alteration of 

the vascular glycocalyx affects organ pathology during S. aureus sepsis. Genetic manipulation of 

vascular HS specifically affects liver pathology by diminishing neutrophil trafficking and 

subsequent pathological thrombosis in the liver vasculature.   

4.3 Materials and Methods 

4.3.1 Bacterial Strains and Preparation  

 As previously described 13, Staphylococcus aureus (strain USA300 TCH1516) was 

originally isolated from an outbreak in Houston, Texas and caused severe invasive disease in 

adolescents 45. S. aureus was routinely grown at 37°C on Todd-Hewitt agar (Difco) or in liquid 

cultures of Todd-Hewitt broth (THB, Difco) with agitation (200 rpm). Bacteria were inoculated 

into 5 mL of fresh THB and incubated overnight. 400 uL of overnight culture was inoculated into 

6 mL of fresh THB and incubated to OD600= 0.4. Bacteria were centrifuged, washed twice with 
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PBS, and suspended in PBS at 5x108 cfu/mL. S. aureus USA300 TCH1516 constitutively 

expressing GFP 46 was cultured using the same method. 

4.3.2 Animal Studies  

 Ndst1f/f transgenic C57bl/6 mice were crossed with Tie2Cre transgenic C57bl/6 mice to 

generate Ndst1f/fTie2Cre mice 26. To generate Ndst1f/fLysM/PF4Cre mice, B6.129P2-

Lyz2tm1(cre)Ifo/J (LysMCre, Jackson Labs) were crossed to Ndst1f/f transgenic C57bl/6 mice to 

generate Ndst1f/fLysMCre mice, and C57BL/6-Tg(Pf4-icre)Q3Rsko/J (PF4Cre, Jackson Labs) 

were crossed to Ndst1f/f transgenic C57bl/6 mice to generate Ndst1f/fPF4Cre mice. Then, the 

double-Cre line was generated by crossing Ndst1f/fLysMCre and Ndst1f/fPF4Cre mice as described 

elsewhere 47. As previously described 13, for S. aureus infection, 8-10-week-old C57Bl/6 male and 

female mice were injected i.v. through the retroorbital sinus with 5x107 cfu (100µL) S. aureus. At 

24 hr post-infection, animals were euthanized by isoflurane and immediately processed for sample 

collection. CFU in the S. aureus inoculum were enumerated by serial dilution on Todd Hewitt 

Agar plates to ensure consistent CFU dosing across experiments. Animals were housed and bred 

in Individual Ventilated Cages in a Specific Pathogen Free background, in vivaria approved by 

the Association for Assessment and Accreditation of Laboratory Animal Care located in the 

School of Medicine, UC San Diego. All experiments were performed in accordance with 

relevant guidelines and regulations following standards and procedures approved by the UC 

San Diego Institutional Animal Care and Use Committee (protocols #S99127 and #S00227M) 

and the La Jolla Institute for Immunology Department of Laboratory Animal Care (protocol 

#AP00001019). 

4.3.3 Blood Chemistry and Complete Blood Count  
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 To collect serum for blood chemistry, blood was collected via cardiac puncture and placed 

in a pro-coagulant serum tube (BD Microtainer #365967) for 4 hours at room temperature. Serum 

was isolated by spinning the tubes at 2000xg and collecting the supernatant. All samples were 

frozen and thawed once before analysis. Blood chemistry parameters were measured on a Cobas 

8000 automated chemistry analyzer (Roche) with a general coefficient of variance of  <5%. All 

samples were frozen and thawed no more than two times before analysis. For complete blood 

count, blood was isolated in a 1:9 citrate dextrose solution (Millipore Sigma #C3821) to blood 

ratio and a Hemavet 950FS Multi-Species Hematology System (Drew Scientific, CT) programmed 

to mouse settings was used to collect complete blood count. 

4.3.4 Histological Analysis  

 Tissues were fixed in 10% buffered formalin (Fischer Chemical) for 24 hr, followed by 

submersion in 70% ethanol for at least 24 hr. The samples were paraffin embedded and sectioned 

(3 µm) and stained with hematoxylin/eosin. Sections underwent blinded scoring to measure liver 

inflammation and necrosis, with scores ranging from 0 – 4 (4 representing the most inflamed and 

necrotic tissue). 

4.3.5 Bacterial Colony Forming Units (CFU) Counts  

 As previously described, organs of interest were placed in a 2 mL tube (Sarstedt 

#72.693.005) containing 1 mL ice cold PBS and 1.0 mm diameter Zirconia/Silica beads (Biospec 

Products #11079110z). Samples were homogenized using a MagNA Lyzer (Roche) for 2 minutes 

at 6000 rpm. An aliquot of each organ sample was serially diluted in PBS and plated on Todd-

Hewitt Agar to enumerate CFU. 

4.3.6 Single Cell Suspension and Flow Cytometry  
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 Mice were perfused before livers were isolated for flow cytometry. Briefly, mice were 

humanely euthanized with isoflurane and immediately perfused at 7 mL/minute for 2 minutes with 

ice cold PBS through the left ventricle, with a small cut made in the right ventricle for drainage of 

perfusion materials. The left lobe of the liver was isolated from each mouse and homogenized with 

scissors in ice cold petri dishes. An equal weight of each individual homogenate was further 

processed. Organs were then resuspended in 5 mL of ice cold HBSS with Ca2+/Mg2+ 

(ThermoFischer Scientific #14025092) + 3 mM CaCl2 in a 50 mL conical tube. To digest organs, 

0.3 Units/mL of Liberase TL (Roche #5401020001) and 40 Units/mL DNaseI (Millipore Sigma 

#D4263) where added to each suspended homogenate, and the homogenates were shaken at 37°C 

for 30 min at 150 rpm. Digested homogenates were filtered through a 70 µM strainer to make 

single cell suspensions. Single cell suspensions were spun at 50 xg for 3 min at 4°C to pellet 

hepatocytes, while the supernatant was collected for further processing. The supernatant was spun 

down and resuspended in 20 mL ACK lysis buffer for 5 minutes at 25°C to lyse remaining red 

blood cells. After 2 washes in HBSS + 0.1% BSA + 0.5 mM EDTA (Flow Buffer), 2.5x105 cells 

were blocked with α-CD16/32 antibody (Biolegend #101302) for 15 minutes on ice. After one 

wash with Flow Buffer, cells were incubated with Violet LIVE/DEAD Stain (ThermoFisher 

L34963) and ~0.25 µg/mL antibodies for 30 minutes on ice to stain for cells of interest (α-CD45 

– Biolegend #103132; α-CD11b – Biolegend #101226; α-Ly6G – Biolegend #127606, α-Ly6C). 

To ensure equal volumes of sample were run through flow, absolute counting beads (Fisher 

Scientific #NC0318024) were used to normalize cell counts. Cells were subsequently washed 2 

times with Flow Buffer and analyzed on a BD FACSCanto II. Data was analyzed via FlowJo 

software package version 16.0 (FlowJo, LLC). 

4.3.7 Immunofluorescence  
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 Organs were harvested and fixed in ice-cold PBS + 4% paraformaldehyde for 18–24 h with 

gentle end- over-end agitation. Fixed organs were placed in 40% sucrose solution overnight. 

Saturated organs were then submerged in Optimal Cutting Temperature compound (OCT) 

(Sakura) and flash frozen in cassettes submerged in 2-methylbutane chilled with dry ice. Sections 

(10 µm) were permeabilized and stained with ~1 µg/mL rabbit anti-myeloperoxidase (Abcam 

#ab9535), 5 µg/mL rat anti-mouse CD68 (ThermoFisher Scientific #14-0681-82), followed by 

incubation with goat anti-rabbit AF594 (ThermoFisher Scientific #A11012) and goat anti-rabbit 

AF488 (ThermoFisher Scientific #A11006). Nuclei were visualized using mounting medium 

containing DAPI (ThermoFisher Scientific). Sections were mounted on glass slides under #1.5 

coverslips. Images were acquired with an inverted Zeiss LSM 880 confocal with FAST AiryScan, 

using either a 10X Plan-Apochromat 0.45NA objective or a 40X LD LCI Plan-Apochromat 1.2NA 

immersion objective as indicated in the figure legend. Images were processed using the in line 

AiryScan processing module in Zen Black. 

4.3.8 Intravital Microscopy  

 Mice were anesthetized with isoflurane inhalation and were kept on a 37°C heating pad 

throughout the experiments. All images were taken with an Leica SP8 Upright Confocal DM600 

CFS confocal microscope equipped with a resonant scanner via a cover slip corrected x25, 0.95 

NA water immersion objective (Leica Microsystems, Buffalo Groove, IL).In the sterile injury 

experiments, mice were injected retro-orbitally with 5 µl (2.5 µg) Ly6G-AF647 antibody (Clone 

2A8, Biolegend, San Diego, CA) in 100 µl sterile Ca2+/Mg2+-free PBS (Gibco, Thermo Fisher 

Scientific, USA). The abdominal wall was opened with a transverse scission along the costal 

margin and the left liver lobe was immobilized against a coverslip with a suction ring 48. Around 

the suction ring, the wound was covered with sterile wet gauze to mitigate desiccation. An area in 
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the sinusoids with little motion artefact was chosen and a focal burn injury was applied via 2 sec 

long illumination with high-power two-photon laser beam on a ~250 µm2 area. An ~40,000 µm2 

area with the burned injury centered was imaged in GFP and AF647 channels over 3 hr in a time-

serial, z-stack scanning mode. In septic injury experiments, the left femoral artery was cannulated 

with a PE-10 tube and the left liver lobe was exteriorized for confocal imaging as described above. 

The mouse was injected through the femoral artery cannule with 5 µl (2.5 µg) Ly6G-AF647 

(Biolegend #127610) in 100 µl of PBS. Four fields of view with low motion artefact and centered 

on the sinusoids were selected. Imaging was conducted for 3 hr in GFP and Ly6G-AF647 channels 

in a multi-position, time-serial, z-stack scanning mode. Immediately following imagining 

initiation, 5x107 cfu of GFP expressing S. aureus (described above) suspended in 100 µl 

Ca2+/Mg2+-free PBS was injected into the femoral artery cannule. Videos were analyzed for 

neutrophil and S. aureus accumulation with the Imaris software (Bitplane, Concord, MA). 

Neutrophils were tracked via applying area modeling on the AF647 signal. Only neutrophils 

present in 3 consecutive frames were counted. S. aureus was counted via applying spot modeling 

on the GFP signal.  

4.3.9 Statistical Analysis  

 All statistical analyses were performed in GraphPad Prism Version 8, with a p value < 0.05 

considered statistically significant. Unless otherwise indicated, normally distributed pairwise 

comparisons were performed using a two tailed students T-test, and non-normal distributions were 

compared using the Mann-Whitney U Test. 

4.4 Results 

4.4.1 Endothelial heparan sulfate mediates hepatic injury during S. aureus sepsis  
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 To examine how vascular HS affects organ pathology, we inactivated Ndst1 by Tie2-driven 

expression of Cre recombinase (Ndst1f/fTie2Cre) 26. In prior studies we showed that HS in the 

vasculature is significantly undersulfated, thereby disrupting native HS-protein interactions that 

govern HS biological function 26,49. Incomplete desulfation of the chains occurs because most 

tissues also express Ndst2 50. Removal of both genes or systemic inactivation of Ndst1 leads to 

embryonic or perinatal lethality, respectively, thus necessitating the use of conditional mutants 51–

53.  

Ndst1f/fTie2Cre mice were challenged with a septic S. aureus dose and colony forming 

units (CFU) were measured in several tissues at multiple time points. Under these conditions, about 

50-75% of the animals succumb within 48 hours. S. aureus bacteremia and organ CFU were readily 

detectable 6 hr post-infection (Figure 4.1A-C). Consistent with previous findings, the liver 

contained the most CFU early in infection (Figure 4.1C) 13,14. Although bacteremia is stable, organ 

CFU increased ~8-fold in the kidney and liver by 24 hr post-infection. Interestingly, 

Ndst1f/fTie2Cre+ mice did not exhibit as dramatic an increase in liver CFU (≤2-fold on average), 

with several mice not exhibiting any increase in CFU (Figure 4.1C). Both Ndst1f/fTie2Cre- and 

Ndst1f/fTie2Cre+ mice exhibited similar increases in kidney CFU and had similar bacteremia, 

indicating that modification of vascular HS differentially impacts S. aureus infection depending 

upon the organ. 

 Liver pathology was analyzed to explore the impact of altering vascular HS. After S. aureus 

challenge, the liver undergoes significant coagulopathy that occludes the vasculature and leads to 

subsequent necrosis of the surrounding parenchyma that is readily visible by gross pathology 

(Figure 4.1D) 13. Strikingly, Ndst1f/fTie2Cre+ exhibited fewer visible necrotic lesions 24 hr post-

infection (Figure 4.1D). In S. aureus infected Ndst1f/fTie2Cre- mice, liver thromboses begin to 
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develop early after infection. At 6 hr post-infection, Ndst1f/fTie2Cre- mice have neutrophilic 

collections in larger vessels that propagate thromboses (Figure 4.1E) 54,55. At 12 hr post-infection, 

intense thromboses are readily apparent, with neutrophils surrounding the thrombi, and the 

beginnings of hepatic necrosis are observable. At 24 hr post-infection, there is complete occlusion 

of many vessels with large areas of necrosis that often contain bacterial colonies, which correlates 

with the large increase in S. aureus CFU at 24 hr post-infection. In Ndst1f/fTie2Cre+ mice, liver 

pathology is reduced at all observed stages of infection, with tissue perfusion still occurring 24 hr 

post-infection and a lack of necrotic regions (Figure 4.1E-F). Liver damage serum markers 

coincided with liver pathology (Figure 4.1G-H). Ndst1f/fTie2Cre- mice exhibited dramatic 

increases in serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) at 12 

and 24 hr post-infection. Ndst1f/fTie2Cre+ mice also had increases in these markers, albeit 

significantly less than Ndst1f/fTie2Cre- mice (Figure 4.1G-H). Importantly, reducing vascular HS 

sulfation did not affect kidney damage markers in the serum during sepsis, which indicates that 

altering vascular HS does not impact damage across all organs (Figure 4.1I).  

 Tie2 driven inactivation of genes can result in recombination of “floxed” genes in the 

hematopoietic lineage in addition to the endothelium 56. Both myeloid and platelet lineages 

contribute to S. aureus induced liver damage 47. To test if myeloid and platelet specific Ndst1 

inactivation blocks liver damage in S. aureus sepsis, Ndst1 was inactivated selectively in myeloid 

cells and platelets using a combination of LysMCre and PF4Cre, respectively 

(Ndst1f/fLysM/PF4Cre). Ndst1f/fLysM/PF4Cre+ mice had the same levels of liver CFU and 

damage markers as Ndst1f/fLysM/PF4Cre- mice 24 hr post-infection (Figure 4.1J-L), indicative 

that reducing endothelial HS sulfation drives the hepatoprotective phenotype.  
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4.4.2 Undersulfation of heparan sulfate reduces neutrophil trafficking to the liver during S. 

aureus sepsis  

 Neutrophilic infiltration is required for the hepatic damage induced by S. aureus sepsis. 

Neutrophils bind to HA deposited in the sinusoidal glycocalyx to sequester neutrophils to the 

inflamed liver vasculature early after infection, whereupon they promote inflammation and 

vascular coagulation 14,18. Further, depletion of neutrophils completely abolishes S. aureus induced 

hepatotoxicity 14. Although it was shown that endothelial HS regulates neutrophil trafficking in 

the peripheral vasculature, the role of endothelial HS in neutrophil trafficking to the liver or any 

major organ has not been explored. To test if altering endothelial HS causes a leukocyte trafficking 

deficiency, a flow cytometry method was developed to count the number of neutrophils and 

monocytes that traffic to the liver early after S. aureus infection (Figure 4.2A). A dramatic increase 

in liver neutrophil infiltration into the liver occurs in Ndst1f/fTie2Cre- mice 6 hr post-infection. 

However, the extent of infiltration in the livers of Ndst1f/fTie2Cre+ mice neutrophils was reduced 

~2-fold (Figure 4.2B-C), consistent with trafficking deficiencies observed in the skin of these mice 

using air pouch models 26. Monocytes also infiltrated the liver but did differ in the mutant (Figure 

4.2D). Circulating neutrophil and monocyte counts also did not differ in mutant and wild-type 

mice, in both uninfected and infected mice (Figure 4.2E-F), suggesting that the difference in 

neutrophil counts in the liver were not due to differential blood counts. Immunofluorescent 

staining of liver sections revealed that Ndst1f/fTie2Cre- mice had extensive sinusoidal 

myeloperoxidase (MPO) (Figure 2G-H), consistent with neutrophils infiltrating the liver and 

sequestering to the sinusoids during S. aureus sepsis 14. MPO stained cells were not as prominent 

in Ndst1f/fTie2Cre+ liver, indicative of fewer infiltrating neutrophils (Figure 2I-J). The reduction 
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of neutrophil infiltration diminishes liver damage in S. aureus sepsis, thus reducing neutrophil 

trafficking in Ndst1-deficient mice likely spares the organ from severe hepatoxicity. 

4.4.3 Heparan sulfate mediates neutrophil trafficking in the liver during sterile and non-

sterile inflammation   

 Next, we used intravital microscopy (IVM) to measure the kinetics of neutrophil 

trafficking. GFP+ S. aureus were injected i.v. and were instantly visible and adherent within the 

liver sinusoids. Bacteria cease to circulate by 20 minutes post-injection (Video 1). The majority of 

bacteria adhere to resident macrophage KCs 57 and neutrophils, and some neutrophils appear to 

phagocytose S. aureus and continue to traffic through the liver vasculature (Video 2). Altering 

vascular HS did not affect bacteria-neutrophil colocalization 20 minutes post-infection (Figure 

4.3A). Ndst1f/fTie2Cre- mice exhibited detectable increases in neutrophil count a few minutes after 

injection, with neutrophil counts increasing over the first hour of infection (Figure 4.3B-D, Video 

3). In contrast, Ndst1f/fTie2Cre+ mice showed only a marginal increase in neutrophil counts over 

the first hour after infection (Figure 4.3E-G, Video 3). Rapid neutrophil recruitment occurred 

within the first 20 minutes of infection and over the next 60 minutes, but Ndst1f/fTie2Cre+ mice 

exhibited a neutrophil recruitment rate of ~50% what is observed in Ndst1f/fTie2Cre- mice (Figure 

4.3H-I), consistent with the defect observed at 6 hr post-infection (Figure 4.2C). S. aureus counts 

slowly declined over time but did not differ in mutant and wild-type animals (Figure 4.3J).  

 Neutrophil trafficking during sterile liver inflammation is based upon an integrin-

dependent mechanism and not on HA 19. To determine if vascular HS modulates neutrophil 

trafficking in sterile inflammation, a focal sterile injury was applied to the livers of Ndst1f/fTie2Cre 

mice with a two-photon laser and neutrophils were tracked using IVM. Immediately following 

sterile injury, neutrophils were attracted to the injury site in Ndst1f/fTie2Cre- mice (Figure 4.4A,C, 
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Video 4), but neutrophil trafficking to the injury site was blunted in Ndst1f/fTie2Cre+ mice (Figure 

4.4B-C, Video 4). Endothelial HS has previously been shown to act as a ligand for L-selectin 

during neutrophil rolling 26,27. However, altering endothelial HS did not change trafficking 

characteristics such as mean speed, speed variance, or track straightness during sterile liver 

inflammation, suggesting that L-selectin mediated tethering might not be affected in the mutant 

(Figure 4.4D-F).  

4.5 Discussion 

 In summary, these findings show that HS, a critical component of the vascular glycocalyx, 

facilitates rapid neutrophil recruitment in both sterile and S. aureus induced inflammation in the 

liver. Thus, we can now extend our earlier studies that showed that altering the structure of HS 

decreased neutrophil infiltration induced by acute inflammatory challenges. Further studies are 

needed to understand the mechanism by which HS mediates neutrophil migration in the liver and 

how this system is coordinated with CD44-HA interactions.   

Studies of the glycocalyx during bacterial infection or sepsis have focused on the impact 

of shedding on individual organ function. In the liver, the vascular glycocalyx and other host 

factors assist with filtering and clearing circulating bacteria 14,57–59. KCs bind to and sequester 

circulating complement-tagged bacteria, and we showed neutrophils exhibit similar filtering 

behavior (Video 2, Figure S3A). After bacteria are quickly ensnared in the liver, HA, which is 

abundant in the liver sinusoids at baseline, sequesters neutrophils upon bacterial insult 14,18. We 

have shown that endothelial HS also plays a role with rapid neutrophil recruitment upon infection. 

With both HA and HS, the liver vascular glycocalyx appears “primed” for septic inflammatory 

insults that suits the function of the organ. Upon bacterial entrapment in the liver, the vascular 
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glycocalyx promotes an immediate neutrophilic response that promotes removal of the pathogen, 

or in cases of high bacterial load, leads to a hyper-inflammatory and pathological state.  

 The mechanism of neutrophil adherence and sequestration in the liver is dependent upon 

the inflammatory insult, with sterile injury using an integrin-based adhesion mechanism and septic 

inflammation utilizing an HA-dependent process that involves binding of CD44 on neutrophils to 

HA produced by the endothelium 14,18,19. Our work shows that vascular HS is important for 

attracting neutrophils in both types of inflammation. However, additional studies are needed to 

understand the mechanism of HS-dependent neutrophil recruitment.  

 Our previous studies showed that each organ’s vascular glycocalyx undergoes unique 

changes during sepsis that reflect the organ microenvironment 13. These compositional analyses, 

and subsequent genetic manipulation, give critical insight into why certain organs are prone to 

failure in sepsis since the glycocalyx is critical to vascular function 60. Understanding how the 

organ-vascular interface changes in sepsis and fuels organ dysfunction could provide critical 

information on how to support organs prone to failure, thus promoting positive outcomes in sepsis 

4. Future efforts will focus on increasing the molecular and temporal resolution of the vascular 

glycocalyx in sepsis and how genetically altering critical components impacts sepsis outcome in 

an organotypic manner. 
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4.7 Figures 

Figure 4.1 Endothelial heparan sulfate mediates liver damage during S. aureus sepsis. (A) 

Liver, (B) kidney, and (C) blood CFU from the indicated time points. n ≥7 per group. Boxes 

indicate min, max, and quartile datapoints. ** indicates p<0.01 as determined by a Mann-Whitney 

U-test due to non-normal distribution of datapoints. (D) Representative liver gross pathology 24 

hr post-infection. Pale lesions demark necrotic occlusions. (E) Representative liver pathology at 

the indicated timepoints post-infection. Red thrombi (red arrow) occlude vessels that form necrotic 

lesions (yellow arrow) that may contain bacterial colonies (blue arrow). Scale bars = 100 μm. (F) 

Liver pathology scores 24 hr post-infection. n=7-8 per group. Scores were assigned from 0 = no 

pathology to 4 = severe pathology. (G) Serum ALT and (H) AST levels across the indicated 

timepoints. n≥7 per group. Errors bars represent mean +/- SEM. ** indicates p<0.01 and *** 

indicates p<0.001 as determined by a 2-way ANOVA with Sidak’s multiple comparison test 

between genotypes. (I) Serum blood urea nitrogen levels across the indicated timepoints post-

infection. n=7 per group. Error bars represent mean +/- SEM. (J) Liver CFU from 24 hr post-

infection. n =9-12 per group. Boxes indicate min, max, and quartile datapoints. (K) Serum ALT 

and (L) AST levels from 24 hr post-infection. n=9-12 mice per group. Errors bars represent mean 

+/- SEM. 
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Figure 4.2 Ndst1f/fTie2Cre+ mice have reduced neutrophil infiltrate into the liver during S. 

aureus sepsis. (A) Representative flow cytometry workflow of CD45+CD11b+Ly6G+ neutrophil 

and CD45+CD11b+Ly6Chi monocyte infiltrate in the liver. (B) Representative flow distributions 

of neutrophils (Ly6G+) from uninfected and 6 hr post-infection livers. (C) Neutrophil counts per 

mg liver at indicated timepoints, as determined by flow cytometry. n=3 per genotype, and is 

representative of 3 independent experiments. * indicates p<0.05. (D) Monocyte counts in the liver 

as counted by flow cytometry at the indicated timepoints. Representative of 3 experiments. (E) 

Neutrophil and (F) monocyte counts in the blood in healthy or 18 hr post-infection mice. (G-J) 

Representative immunofluorescent images of liver 6 hr post-infection. Green = CD68 

(macrophages and endothelial cells), red = MPO, blue = DAPI. (G) Representative 

immunofluorescent image of Ndst1f/fTie2Cre- liver. (H) Magnified area indicated in G. Arrows 

indicate sinusoidal MPO. (I) Representative immunofluorescent image of Ndst1f/fTie2Cre+ liver. 

(J) Magnified area indicated in I. In C and E scale bars = 100 µm and in D and F scale bars = 25 

µm.   
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Figure 4.3 Immediate neutrophil trafficking after S. aureus infection is reduced in 

Ndst1f/fTie2Cre+ mice. (A) Counts of bacteria-neutrophil colocalization events 20 minutes post 

infection with S. aureus. Each datapoint represents 1 FOV, with n=4 FOV per mouse and n=4-5 

mice per genotype. (B) Representative intra-vital image of liver from a Ndst1f/fTie2Cre- mouse 

immediately post-i.v. infection of S. aureus (green) and (C) 60 min post-infection. B and C are the 

same FOV. Neutrophils are demarked by yellow spheres. Ly6G antibody (magenta) strongly labels 

neutrophils, as well as lightly labeled non-specific staining (magenta that is not marked with a 

yellow sphere). (D) Liver neutrophil counts over time as tracked by IVM in Ndst1f/fTie2Cre- mice. 

Each line represents counts from 4 FOVs per mouse, with single data points determined by 

averaging neutrophil counts from the 4 FOVs. Black arrow denotes time of S. aureus injection. 

(E) Representative intra-vital image of liver from a Ndst1f/fTie2Cre+ mouse immediately post-

infection and (F) 60 min post-infection. All colors and markings are the same as in B and C. (G) 

Liver neutrophil counts over time as tracked by IVM in Ndst1f/fTie2Cre+ mice. Data generated as 

in C. (H) Rates of neutrophil recruitment for 20 min and (I) 60 min post-infection as determined 

by IVM. (J) Change in S. aureus count from 20 min to 60 min post-infection. For G-I, each 

datapoint represents 1 FOV, with n=4 FOV per mouse and n=4-5 mice per genotype. Box and 

whisker plots are min to max with quartiles demarked. * is p<0.05. 
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Figure 4.4 Liver infiltration is reduced in Ndst1f/fTie2Cre+ mice during sterile injury. (A) 

Representative intravital image of Ndst1f/fTie2Cre- and (B) Ndst1f/fTie2Cre+ livers 20 min after 

sterile injury. Ly6G+ neutrophils (magenta) that trafficked to the injury are denoted by white 

arrows. Autofluorescence was used to visualize the injury (green) and surrounding hepatocytes 

(light green). (C) Number of neutrophils that reach the injury within 20 min of insult. Each point 

represents 1 FOV in 1 mouse. Each mouse is an independent experiment. * is p<0.05. (D) Mean 

speed, (E) speed variance, and (F) track straightness of neutrophils that reached the sterile wound. 

For D-F, each data point represents a single neutrophil that reached the wound over a 3 hr timespan 

with n≥36 with data pooled across 3 mice per genotype. For D-F, box and whisker plots are min 

to max with quartiles demarked. 
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5.1 Introduction 

 Chapter 3 highlights how altering HS sulfation in endothelial and myeloid tissues impacts 

infection and sepsis outcomes. Interestingly, mice with deficient HS sulfation in endothelial and 

myeloid tissues (Ndst1f/fTie2Cre+) were hypersensitive to a lethal S. aureus challenge (Figure 

3.6A). Chapter 4 contains studies that continued characterization of S. aureus sepsis in the 

Ndst1f/fTie2Cre mouse model. In summary, within the first 6 hours of infection, Ndst1f/fTie2Cre+ 

mice have deficient trafficking of neutrophils to the liver, the major early-infection reservoir of S. 

aureus 1. Therefore, there is a reduction in downstream hepatic pathology derived from pro-

thrombotic neutrophils. However, it is unclear how liver pathology impacts overall outcome during 

S. aureus sepsis. It is expected that protecting the liver would protect the organism, but in 

Ndst1f/fTie2Cre+ mice the inverse is observed. A potential explanation is S. aureus sepsis may 

have different phases, with pathology in early and late infection being driven by different host and 

pathogen factors. S. aureus can shift its virulence factor expression based upon its extracellular 

environment. S. aureus undergoes large, systems-level transcriptomic shifts in response to 

metabolic nutrient availability 2. Further, it changes expression of virulence factors as it progresses 

from commensal colonization to an invasion infection 3. Theoretically, the abundance of certain 

virulence factors would increase as infection progressed, as live S. aureus disseminates and 

increases in abundance over time in the mouse model (Figure 4.6A-C). As this occurs, S. aureus 

virulence factors may also increase and reach a toxic threshold. Altering vascular HS may lower 

this toxic threshold, thus leading to the observed hypersensitivity of Ndst1f/fTie2Cre+ mice. 

Additionally, this hypothesis is supported by the observation that no other bacterial sepsis models 

induced a hypersensitivity phenotype (Figure 3.6), thus indicating a factor unique to S. aureus may 

responsible. 
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 S. aureus produces a litany of toxins to facilitate inflammation and induce host cell injury 

4. α-hemolysin, also known as α-toxin or Hla, is a secreted toxin that was initially shown to cause 

rabbit red blood cell lysis 5 but has since become appreciated as a major S. aureus virulence factor. 

It is highly relevant to clinical disease, as it is encoded in 99% and expressed by 83% of clinical 

isolates 6. Genetic deletion or antibody-mediated neutralization of Hla results in abrogation of S. 

aureus virulence in animal models 7,8. Hla toxicity is thought to be mediated through a multifaceted 

interaction with the host cell surface. Monomeric Hla intercalates and oligomerizes in the host 

plasma membrane to form a heptameric β-barrel pore 9. Pore formation results in an influx of 

extracellular Ca2+, which induces secondary host cell signaling such as arachidonic acid 

metabolism, cellular contractile dysfunction, NLRP3 inflammasome activation, and cytokine 

release 10,11. Further, Hla pore formation is required for platelet-neutrophil aggregates, sinusoidal 

collections of platelet aggregates, disruption of cell-cell junctions, and vascular leak 7,8,12–14. Hla 

cytotoxic effects and its interaction with host cells depends upon its cell surface receptor Adam10 

15. Mice lacking Adam10 are protected from S. aureus skin infection and severe pneumonia 12,13. 

There is evidence that Adam10 proteolytic activity is increased through its interaction with Hla. 

Hla treatment of epithelial cells or endothelial cells results in cleavage of E-cadherin and VE-

cadherin, respectively, which can be abrogated by inhibition of Adam10 activity 12,13. Adam10 

cleavage of tight junction proteins may be an important aspect of Hla toxicity, as Hla treatment 

results in Adam10-depednent epithelial and vascular barrier disruption 12,13. Further, Adam10 

clustering at tight junctions is critical for Hla toxicity 16. However, it is unclear if inducing Adam10 

activity is a primary toxic function of Hla or if Adam10 is merely a receptor that allows Hla to 

induce cell signaling that disrupts cell-cell junctions. Importantly, Adam10 inhibitors prevent Hla 

from interacting with epithelial cells 12, indicating that Adam10 inhibitors induce conformational 
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changes that preclude Hla association or that Adam10 proteolytic activity is required for Hla to 

intercalate into the membrane. Importantly, Hla induces cell death in the presence of Adam10 

inhibitor 17. Further research is needed to understand which host factors control Hla toxicity, 

whether it’s through initial interaction with the host cell, oligomerization of the pore structure, or 

induction of damaging host cell Adam10 activity and signaling. 

 Since Hla is a critical virulence factor and Ndst1f/fTie2Cre+ animals are hypersensitive to 

S. aureus (Figure 3.6A), it was predicted that altering endothelial HS sulfation sensitizes the host 

to systemic Hla toxicity. Ndst1f/fTie2Cre+ mice were hypersensitive to recombinant Hla and 

exhibited striking heart VGC changes with implications in heart damage during S. aureus sepsis. 

Additionally, Hla binds to heparin, a highly sulfated and short-chain species of HS, and HS can 

inhibit Adam10 activity. HS may play multiple roles in Hla host cell cytotoxicity.   

5.2 Materials and methods 

5.2.1 Animal model 

 Ndst1f/fTie2Cre animals were bred as described in Chapter 3 and according to Wang, 2015 

18. Ndst1f/fLysM/PF4Cre mice were generated by crossing Ndst1f/f mice to PF4Cre and LysMCre 

mice 19,20. Hs2stf/fTie2Cre mice were generated by crossing Hs2stf/f mice and Tie2Cre+ males as 

described in Axelsson, 2012 21. All experiments used age- and sex-matched littermates. Offspring 

were genotyped by PCR with genomic DNA isolated from tail clip tissue. 

5.2.2 S. aureus infection and systemic Hla intoxication 

 S. aureus USA300 TCH1516 infection was carried out as described in Chapters 2-4. S. 

aureus USA300 TCH1516 with a deletion in hla (also known as hly) was conducted by precise, 

markerless allelic replacement of USA300 TCH1516 hla (Locus tag USA300HOU_1099, 

NC_010079.1) by PCR-based methods adapting the pKOR1 knock-out strategy as described in a 
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forthcoming publication 22. Bacterial CFU during systemic infection was enumerated as described 

in Chapters 2-4. Two different sources of Hla were used to induce systemic cytotoxicity. 

Recombinant Hla purified from E. coli 15 was diluted from 1 mg/mL PBS+10% glycerol stocks to 

35 µg/mL in sterile PBS and injected i.v. via retro-orbital sinuses at 175 µg/kg (~3.5 µg per 

mouse). Hla purified from S. aureus was acquired from Sigma-Aldrich and was ~60% protein by 

dry weight (Sigma-Aldrich #H9395). Sigma Hla was reconstituted in PBS+10% glycerol, diluted 

to ~100 µg/mL in sterile PBS and injected i.v. via retro-orbital sinuses at 500 µg/kg (~10 µg per 

mouse). Morbidity and mortality was observed as described in Chapter 3.  

5.2.3 Vascular tagging and all data analysis 

 S. aureus sepsis was induced in Ndst1f/fTie2Cre animals as described in Chapter 2-4. 

Infected animals were perfused and harvested at 24 hours post infection. Five animals were 

included in each genotype per timepoint, for a total of 20 labeled mice. Vascular tagging, mass 

spectrometry, and label free quantification were carried out as described in Chapter 2. Significantly 

enriched or de-enriched proteins across all samples were determined by ANOVA with FDR 

truncation after 250 permutations. Of the significantly enriched or de-enriched proteins, a 

Student’s two-tailed T-test between infected Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ samples was 

used to distinguish proteins significantly enriched or de-enriched during sepsis.   

5.2.4 Heparin column 

 50 µg of recombinant Hla was applied to a 1-mL HiTrap heparin-Sepharose column (GE 

Healthcare) in PBS. Protein was eluted with 50 mM HEPES buffer and a NaCl gradient from 150 

mM to 1 M. 

5.2.5 Protein modeling 
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 Crystal structures for heptameric Hla 9 and monomeric Hla 23 were visualized using Pymol. 

Heparin 4-mers were modeled onto Hla structures using ClusPro 24. 

5.2.6 Adam10 activity assay 

 Recombinant Adam10 from the AnaSpec Adam10 activity kit (AnaSpec AS-72226) was 

incubated with 500 µg/mL unfractionated heparin or HS isolated from wild-type CHO cells 

(TEGA Therapeutics) according to manufacturer’s specifications.   

5.2.7 Whole Blood Aggregometer 

 Whole blood aggregation studies were performed on a CHRONO-LOG® Model 700 

Whole Blood/Optical Lumi-Aggregometer (Havertown, PA) as per manufacturer’s instruction. To 

isolate anti-coagulated whole blood, 30 µL of Citrate-Dextrose Solution (Sigma) was pre-loaded 

in a syringe used for cardiac puncture. After cardiac puncture, additional Citrate-Dextrose Solution 

was added to the isolated blood to create a 1:9 Citrate-Dextrose to blood mixture. Blood from 4 

mice per genotype, Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+, was pooled. To induce blood 

aggregation, 5 µg of toxin was added to 200 µL of blood diluted 1:5 in 800 µL saline solution, as 

stated in the manufacturer’s protocol, and measurements were started.  

5.3 Results 

5.3.1 Reducing HS sulfation in the endothelium sensitizes mice to S. aureus sepsis and Hla 

 Mice with reduced HS sulfation in endothelial and myeloid tissues (Ndst1f/fTie2Cre+) are 

hypersensitive to S. aureus sepsis (Figure 5.1A, also shown as Figure 3.6A). However, it was not 

clear if Ndst1 inactivation in endothelial or myeloid tissues causes the observed hypersensitivity, 

as Tie2Cre expresses Cre recombinase in both tissue subsets 25. To test if the phenotype was driven 

by alterations in endothelial or myeloid HS, Ndst1f/f mice were crossed with LysMCre and PF4Cre 

mice to yield Ndst1f/fLysM/PF4Cre+ mice. PF4Cre and LysMCre were utilized for their selective 
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expression in myeloid lineages and megakaryocytes, respectively 19,20. Both Cre-recombinase lines 

were used since Adam10f/fLysM/PF4Cre+ mice, but not Adam10f/fLysM+ or Adam10f/fPF4Cre+  

mice, were protected from S. aureus sepsis 14. Ndst1f/fLysM/PF4Cre+ mice were not protected 

from S. aureus sepsis (Figure 5.1B), indicating that undersulfating endothelial HS results in 

susceptibility to S. aureus. It was predicted that Ndst1f/fTie2Cre+ mice are hypersensitive to S. 

aureus Hla, which is required for rapid S. aureus mortality in sepsis models 7. Ndst1f/fTie2Cre+ 

mice infected with S. aureus lacking Hla (S. aureus Δhla) did not exhibit hypersensitivity to Hla 

(Figure 5.1C). As the mortality rate in Ndst1f/fTie2Cre- animals was lower in S. aureus Δhla 

infection, slightly higher doses of S. aureus Δhla were tested. However, higher dosing resulted in 

rapid mortality within 24 hours of infection in both Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ animals 

(data not shown). To test if purified Hla intoxication recapitulates S. aureus hypersensitivity, 

Ndst1f/fTie2Cre+ mice were injected with recombinant Hla. Ndst1f/fTie2Cre+ mice exhibited 

increased susceptibility to recombinant Hla (Figure 5.1D). Importantly, this phenotype repeated 

with two different sources of recombinant Hla (Figure 5.1D-E). Hla-induced blood aggregation 

did not differ between wild-type and Ndst1f/fTie2Cre+ blood (Figure 5.1F), further supporting that 

endothelial HS dictates hypersensitivity to Hla. While reduction of N-sulfation can reduce overall 

HS sulfation 18, deletion of the HS biosynthesis enzyme Hs2st in endothelial cells (Hs2stf/fTie2Cre) 

results in a loss of 2-O-sulfation and a compensatory increase in N- and O- sulfation 26. 

Hs2stf/fTie2Cre+ mice were slightly protected from Hla cytotoxicity (Figure 5.1G). While this 

implies that general HS sulfation may impact Hla toxicity, further studies detailing how specific 

HS sulfation moieties or patterns is needed to understand how HS modulates Hla function.  

5.3.2 The heart VGC of Ndst1f/fTie2Cre+ mice has unique features during S. aureus sepsis 
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 As highlighted in Chapter 2, changes in the VGC induced by S. aureus sepsis can be 

characterized by tagging vascular proteins with biotin, enriching tagged proteins using 

streptavidin, and using proteomics to quantify protein abundance. To give further insight into S. 

aureus hypersensitivity in mice with undersulfated endothelial HS, healthy and septic 

Ndst1f/fTie2Cre mice were subjected to VGC tagging and proteomics analysis. In healthy animals, 

no difference in VGC proteins was detectable (data not shown). During sepsis, liver, kidney, brain, 

and white adipose tissue did not display major differences in VGC protein composition (data not 

shown). However, in septic animals the heart VGC showed distinct differences between 

Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ mice. The proteomic signature in the heart of wild-type 

animals showed changes associated with cardiac damage/recovery and extracellular matrix 

remodeling (Fig. 5.2A). Gene ontology analysis of heart VGC proteins differentially enriched 

between septic Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ mice showed an enrichment for extracellular 

matrix proteins and proteoglycans (Figure 5.2B). Heart recovery proteins, such as periostin and 

clusterin 27,28, increased in wild-type animals during sepsis, but not in Ndst1f/fTie2Cre+ mice (Fig. 

5.2C-D). ECM proteins, including collagen Type VI α6 chain and inter-alpha trypsin inhibitor 

heavy chain-1 also increased in wild-type animals (Fig. 5.2E-F). These findings are intriguing 

given that Hla acts on the endothelium and increases vascular permeability 7, implying that 

undersulfation of vascular HS interferes with a S. aureus-induced repair response in the heart 

vasculature and correlates to hypersensitivity to S. aureus sepsis and Hla. Therefore, it’s predicted 

that in Ndst1f/fTie2Cre+ mice the cardiac endothelium is sensitized to Hla-mediated damage and 

vascular stress. Importantly, altering HS in the VGC does not impact bacterial loads in the heart, 

indicative that altering HS does not change bacterial dissemination but changes the host response 

to equivalent bacterial infection (Figure 5.2G). 
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5.3.3 Hla binds to heparin 

 The hypersensitivity of Ndst1-deficient mice to Hla suggests Hla might directly interact 

with HS. To test this possibility, recombinant Hla binding to heparin was measured by affinity 

chromatography. Heparin is structurally similar to HS, although it is more highly sulfated, enriched 

in iduronic acid, and more highly-negatively charged. When tissue extracts or plasma are 

fractionated over heparin-Sepharose, weakly bound proteins can be washed out with low ionic 

strength buffer, while strongly bound heparin-binding proteins elute at higher ionic strength. As 

shown in Figure 5.3A, a substantial fraction of Hla bound to heparin and eluted at a 470 mM NaCl, 

suggesting that Hla binds to heparin at comparable strength to other heparin-binding proteins 29. 

The material that elutes in the loading fraction may be denatured Hla. Hla oligomerizes and 

mutation of His35 decreases oligomerization 15. Interestingly, this residue lies in a strongly cationic 

domain of monomeric Hla where it is predicted heparin interacts (Fig. 5.3B). The cationic domain, 

including His35, forms an interface between monomers in the cap domain of the heptameric pore 

(Fig. 5.3C). Interaction of heparin and cellular HS at this interface could interfere with Hla 

oligomerization and decrease Hla toxicity. In this model, decreasing HS sulfation would permit 

Hla oligomerization, which could explain the hypersensitivity of Ndst1f/fTie2Cre+ mice to Hla. 

5.3.4 HS modulates Adam10 activity 

 Since mice with altered vascular HS are hypersensitive to Hla (Figure 5.1), we 

hypothesized that reducing sulfation of HS increases Adam10 activity, leading to more potent 

Adam10 activation by Hla. Incubating recombinant Adam10 with heparin reduced Adam10 

activity while HS only slightly decreased activity (Figure 5.4A). These results imply that level of 

HS sulfation controls Adam10 activity level. 

5.4 Discussion 
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 Results from these studies provide novel insights into the participation of endothelial HS 

in Hla toxicity in the vasculature during S. aureus sepsis. Future studies characterizing how HS 

modulates Hla activity would be crucial to understanding how a clinically relevant S. aureus 

virulence factor promotes host dysfunction. However, it remains unclear how altering endothelial 

HS alters sensitivity to Hla. Three hypotheses that will be explored in future studies (Figure 5.5A). 

First, HS disrupts Hla oligomerization and subsequent toxicity, and undersulfated HS has 

diminished inhibitory activity. Second, lowering HS sulfation increases the activity of Adam10, 

therefore enhancing Hla activation of Adam10. Third, undersulfated HS enhances Hla induced 

dysregulation of Ca2+ host cell signaling.  

 The interaction of HS and Hla will be studied by incubation of [35S]HS derived from 

[35S]O4 labeled endothelial cells, with resolution of the complex by size-exclusion FPLC. If Hla 

binds to [35S]HS, then the larger complex will cause [35S]HS to elute earlier from the column. 

According to the model, HS might interfere with oligomerization. Oligomerization of Hla can be 

induced by incubation of 2-methyl-2,4-pentanediol (MPD), independently of a lipid membrane 30. 

It is hypothesized that the addition of heparin or HS should block Hla oligomerization. Binding of 

Hla to cells will also be measured. To discriminate between binding to cell surface HS and 

Adam10, the difference in binding before and after treatment of the cells with heparin lyases, 

which degrade HS, with and without an antibody to Adam10, or after silencing of Adam10 with 

an siRNA will be measured. 

 To test if HS modulates Adam10 activity in live cells, its activity will be measured in wild-

type and Ndst1-/- primary cardiac endothelial cells (PCECs) at baseline and in the presence of Hla 

using a commercially available Adam10 activity assay. The ratio of inactive pro-Adam10 and 
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cleaved active Adam10 will be measured via western blotting. To measure cleavage of Adam10 

substrates after Hla treatment, cell lysates will be blotted for cleavage of VE-cadherin 7. To test 

if HS affects Adam10 activity in human endothelial cells, human umbilical vein endothelial cells 

(HUVECs) and PCECs will be treated with heparin lyases to remove cell surface HS and treated 

with Hla, and then Adam10 activity and VE-cadherin cleavage will be assayed. To assure that VE-

cadherin cleavage is Adam10 dependent, cells will be incubated with and without the Adam10 

inhibitor GI254023X 12. Lastly, positive results are obtained, direct binding of HS to recombinant 

Adam10 will be measured by gel filtration using recombinant ectodomain of Adam10 and [35S]HS. 

 The modulation of Ca2+ signaling in Hla-treated host cells with undersulfated HS will be 

measured through signaling systems downstream of Ca2+ flux. Hla intoxication of endothelial 

cells, which increases cytosolic Ca2+ levels, affects critical vascular functions including 

metabolism of arachidonic acid to thromboxane A2, generation of nitric oxide, and activation of 

protein kinase C 31–33. These responses will be measured after Hla addition to Ndst1-/- wild-type 

and endothelial cells, or after treatment of endothelial cells with heparin lyases. Other studies have 

shown that TRPC Ca2+ channels can be affected by cell surface syndecans 34, suggesting the 

possibility that altering Ndst1 could affect calcium flux through this channel, which can be 

measured with a calcium dependent dye. 

 Further research into the connection between heart VGC responses, HS, and Hla may 

uncover how altering endothelial HS sensitizes the host to S. aureus. The heart VGC profile in 

mice with undersulfated HS is enriched with ECM and basement membrane proteoglycans, 

implying that vascular integrity is lost. Potentially, this could lead to acute heart failure and 

ultimately death. Vascular integrity will be tested using the Miles dye leakage assay 35. 

Additionally, acute heart stress of infected animals will be tracked using ELISAs against 
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circulating troponin and B natriuretic peptide, cardiac markers that are elevated after cardiac 

damage 36. Immunohistochemistry of neutrophils and monocytes will be assessed in the heart to 

discern the location of inflammation that could potentially damage the vasculature. Primary 

cardiac endothelial cells (PCECs) will be isolated and cultured from Ndst1f/fTie2Cre- and 

Ndst1f/fTie2Cre+ mice 37. After Hla intoxication, the permeability of mutant and wild-type PCEC 

monolayers will be assessed by measuring permeation of fluorescently labeled dextran across cell 

monolayers grown on a permeable filter substrate. Responses of mutant and wild-type PCECs to 

Hla will be observed by VE-cadherin cleavage and modification of tight junctions, which are well 

characterized responses of endothelial cells to Hla 7,38. VE-cadherin cleavage will be measured 

through western blots and by immunofluorescence to measure disruption of VE-cadherin 

clustering at adherens junctions 7,16,39.  
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5.6 Figures 

 

 
Figure 5.1 Ndst1f/fTie2Cre+ mice are hypersensitive to S. aureus Hla. (A) Survival of 

Ndst1f/fTie2Cre and (B) Ndst1f/fLysM/PF4Cre mice infected with a lethal dose of S. aureus. N ≥10 

per group, representative of 3 experiments. (C) Survival of Ndst1f/fTie2Cre mice infected with S. 

aureus Δhla. (D) Survival of Ndst1f/fTie2Cre mice injected with 175 µg/kg Hla (recombinant) and 

(E) 500 µg/kg Hla (Sigma-Aldrich). For D, two experiments were combined for an n=14-15 per 

group, and E is one experiment with n=4 mice for Ndst1f/fTie2Cre- group and n=8 mice for the 

Ndst1f/fTie2Cre+ group. All p values above determined by Log-rank Mantel-Cox test. (F) 

Aggregometer readings of Ndst1f/fTie2Cre blood treated with vehicle or 5 µg/mL recombinant Hla. 

N=3 technical replicates per group, after pooling blood from 4 animals per genotype. (G) Survival 

of Hs2stf/fTie2Cre mice infected with injected with 175 µg/kg Hla (recombinant). n ≥15 per group, 

combination of 2 independent experiments. 
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Figure 5.2 The Heart VGC in Ndst1f/fTie2Cre mice during S. aureus sepsis. (A) Heatmap of 

label free quantification levels of heart VGC proteins differentially enriched in septic 

Ndst1f/fTie2Cre animals. (B) Gene ontology analysis of the protein list in A. (C) Periostin and (D) 

Clusterin quantification values, representative of the enrichment of heart stress recovery proteins 

in the heart VGC of wild-type animals during S. aureus sepsis. (E) Col6a6 and (F) Itih1 

quantification values, representative of the ECM protein enrichment in the heart VGC of wild-type 

animals during S. aureus sepsis. N=5 mice per group. p value determined with one-way ANOVA 

using Tukey’s multiple comparison test. ** is p<0.01 and *** is p<0.001. (G) CFU in the heart of 

Ndst1f/fTie2Cre mice 24 hours post-infection. 
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Figure 5.3 Biochemical and structural evidence of Hla interaction with heparin. (A) Ion-

exchange chromatography of Hla with a heparin Sepharose column. The blue line is UV absorption 

across the column as a measure of protein elution. The large protein elution that occurs in early 

fractions may result from protein aggregation. The green line is conductivity across the column, 

which is a correlated to salt concentration of the buffer and is used to calculate salt concentration 

at the maximal elution of Hla off the column (grey dotted line). (B) 3D surface model (cyan) of 

the monomeric Hla crystal structure with H35 highlighted (orange) juxtaposed with the 

electrostatic surface model containing the top 10 likeliest heparin (yellow) interaction 

conformations. For the electrostatic model, blue regions, white regions, and red regions correspond 

to electropositive, electroneutral, and electronegative domains, respectively. (C) 3D model of the 

heptamer pore structure of Hla. H35 lies in the interface between two monomers (blue, surface 

model and yellow, ribbon model). 
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Figure 5.4 Recombinant Adam10 activity is inhibited with HS and heparin. Recombinant 

Adam10 from the AnaSpec Adam10 activity kit was incubated with 500 µg/mL unfractionated 

heparin or HS isolated from wild-type CHO cells. The buffer control is the reaction without 

enzyme addition. 
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Figure 5.5 Models of HS alteration and impacts on Hla intoxication. Model 1 predicts that HS 

sulfation inhibits oligomerization of the Hla pore, and reducing HS sulfation allows for pore 

formation to occur. Model 2 predicts undersulfated HS increases Adam10 activity, thus 

potentiating Adam10 activation by Hla. Model 3 predicts reducing HS sulfation increases Ca2+ 

signaling during Hla intoxication.  

  



 

161 

 

5.7 References 

 

1. Kolaczkowska, E., Jenne, C. N., Surewaard, B. G. J., Thanabalasuriar, A., Lee, W. Y., 

Sanz, M. J., Mowen, K., Opdenakker, G. & Kubes, P. Molecular mechanisms of NET 

formation and degradation revealed by intravital imaging in the liver vasculature. Nat. 

Commun. 6, 1–13 (2015). 

2. Poudel, S., Tsunemoto, H., Seif, Y., Sastry, A. V., Szubin, R., Xu, S., Machado, H., 

Olson, C. A., Anand, A., Pogliano, J., Nizet, V. & Palsson, B. O. Revealing 29 sets of 

independently modulated genes in Staphylococcus aureus, their regulators, and role in key 

physiological response. Proc. Natl. Acad. Sci. U. S. A. 117, 17228–17239 (2020). 

3. Jenkins, A., An Diep, B., Mai, T. T., Vo, N. H., Warrener, P., Suzich, J., Kendall Stover, 

C. & Sellman, B. R. Differential expression and roles of Staphylococcus aureus virulence 

determinants during colonization and disease. MBio 6, 1–10 (2015). 

4. Powers, M. E. & Wardenburg, J. B. Igniting the Fire: Staphylococcus aureus Virulence 

Factors in the Pathogenesis of Sepsis. PLoS Pathog. 10, 10–13 (2014). 

5. Cassidy, P. S. & Harshman, S. The Binding of S laphylococcal ( B ) to Erythrocytes. J. 

Biol. Chem. 248, 5545–5546 (1973). 

6. Tabor, D. E., Yu, L., Mok, H., Tkaczyk, C., Sellman, B. R., Wu, Y., Oganesyan, V., 

Slidel, T., Jafri, H., McCarthy, M., Bradford, P. & Esser, M. T. Staphylococcus aureus 

alpha-toxin is conserved among diverse hospital respiratory isolates collected from a 

global surveillance study and is neutralized by monoclonal antibody MEDI4893. 

Antimicrob. Agents Chemother. 60, 5312–5321 (2016). 

7. Powers, M. E., Kim, H. K., Wang, Y. & Wardenburg, J. B. ADAM10 mediates vascular 

injury induced by staphylococcus aureus α-hemolysin. J. Infect. Dis. 206, 352–356 (2012). 

8. Surewaard, B. G. J., Thanabalasuriar, A., Zheng, Z., Tkaczyk, C., Cohen, T. S., Bardoel, 

B. W., Jorch, S. K., Deppermann, C., Bubeck Wardenburg, J., Davis, R. P., Jenne, C. N., 

Stover, K. C., Sellman, B. R. & Kubes, P. α-Toxin Induces Platelet Aggregation and Liver 

Injury during Staphylococcus aureus Sepsis. Cell Host Microbe 24, 1–14 (2018). 

9. Song, L., Hobaugh, M. R., Shustak, C., Cheley, S., Bayley, H. & Gouaux, J. E. Structure 

of Staphylococcal a-Hemolysin , a Heptameric Transmembrane Pore. Science (80-. ). 274, 

1859–1866 (1996). 

10. Bhakdi, S. & Tranum-Jensen, J. Alpha-toxin of Staphylococcus aureus. Microbiol. Rev. 

55, 733–751 (1991). 

11. Gao, X., Ting, J. P., Wardenburg, J. B., Duncan, J. A., Allen, I. C., McElvania-TeKippe, 

E., Gris, D. & Craven, R. R. Staphylococcus aureus α-Hemolysin Activates the NLRP3-

Inflammasome in Human and Mouse Monocytic Cells. PLoS One 4, e7446 (2009). 

12. Inoshima, I., Inoshima, N., Wilke, G. A., Powers, M. E., Frank, K. M., Wang, Y. & 



 

162 

 

Wardenburg, J. B. A Staphylococcus aureus pore-forming toxin subverts the activity of 

ADAM10 to cause lethal infection in mice. Nat. Med. 17, 1310–1314 (2011). 

13. Inoshima, N., Wang, Y. & Wardenburg, J. B. Genetic requirement for ADAM10 in severe 

staphylococcus aureus skin infection. J. Invest. Dermatol. 132, 1513–1516 (2012). 

14. Powers, M. E., Becker, R. E. N., Sailer, A., Turner, J. R. & Bubeck Wardenburg, J. 

Synergistic Action of Staphylococcus aureus α-Toxin on Platelets and Myeloid Lineage 

Cells Contributes to Lethal Sepsis. Cell Host Microbe 17, 775–787 (2015). 

15. Wilke, G. A. & Wardenburg, J. B. Role of a disintegrin and metalloprotease 10 in 

Staphylococcus aureus α-hemolysin-mediated cellular injury. Proc. Natl. Acad. Sci. 107, 

13473–13478 (2010). 

16. Shah, J., Rouaud, F., Guerrera, D., Vasileva, E., Popov, L. M., Kelley, W. L., Rubinstein, 

E., Carette, J. E., Amieva, M. R. & Citi, S. A Dock-and-Lock Mechanism Clusters 

ADAM10 at Cell-Cell Junctions to Promote α-Toxin Cytotoxicity. Cell Rep. 25, 2132-

2147.e7 (2018). 

17. Ezekwe, E. A. D., Weng, C. & Duncan, J. A. ADAM10 cell surface expression but not 

activity is critical for staphylococcus aureus a-hemolysin-mediated activation of the nlrp3 

inflammasome in human monocytes. Toxins (Basel). 8, 1–14 (2016). 

18. Wang, L., Fuster, M., Sriramarao, P. & Esko, J. D. Endothelial heparan sulfate deficiency 

impairs L-selectin- and chemokine-mediated neutrophil trafficking during inflammatory 

responses. Nat. Immunol. 6, 902–10 (2005). 

19. Tiedt, R., Schomber, T., Hao-Shen, H. & Skoda, R. C. Pf4-Cre transgenic mice allow the 

generation of lineage-restricted gene knockouts for studying megakaryocyte and platelet 

function in vivo. Blood 109, 1503–1506 (2007). 

20. Clausen, B. E., Burkhardt, C., Reith, W., Renkawitz, R. & Förster, I. Conditional gene 

targeting in macrophages and granulocytes using LysMcre mice. Transgenic Res. 8, 265–

277 (1999). 

21. Axelsson, J., Xu, D., Kang, B. N., Nussbacher, J. K., Handel, T. M., Ley, K., Sriramarao, 

P. & Esko, J. D. Inactivation of heparan sulfate 2- O -sulfotransferase accentuates 

neutrophil infiltration during acute inflammation in mice. Blood 120, 1742–1751 (2012). 

22. Sun, J., Uchiyama, S., Olson, J., Morodomi, Y., Cornax, I., Ando, N., Kohno, Y., Kyaw, 

M., Aguilar, B., Haste, N., Kanaji, S., Kanaji, T., Rose, W., Sakoulas, G., Marth, J. & 

Nizet, V. Repurposed Drugs Block Toxin-Driven Platelet Clearance by the Hepatic 

Ashwell-Morell Receptor to Clear Staphylococcus aureus Bacteremia. bioRxiv (2020). 

doi:10.1101/2020.07.06.190322 

23. Sugawara, T., Yamashita, D., Kato, K., Peng, Z., Ueda, J., Kaneko, J., Kamio, Y., Tanaka, 

Y. & Yao, M. Structural basis for pore-forming mechanism of staphylococcal α-

hemolysin. Toxicon 108, 226–231 (2015). 



 

163 

 

24. Mottarella, S. E., Beglov, D., Beglova, N., Nugent, M. A., Kozakov, D. & Vajda, S. 

Docking server for the identification of heparin binding sites on proteins. J. Chem. Inf. 

Model. 54, 2068–2078 (2014). 

25. Tang, Y., Harrington, A., Yang, X., Friesel, R. E. & Liaw, L. The contribution of the 

Tie2+ lineage to primitive and definitive hematopoietic cells. Genesis 48, 563–567 (2010). 

26. Xu, D., Olson, J., Cole, J. N., van Wijk, X. M., Brinkmann, V., Zychlinsky, A., Nizet, V., 

Esko, J. D. & Chang, Y. C. Heparan sulfate modulates neutrophil and endothelial function 

in antibacterial innate immunity. Infect. Immun. 83, 3648–3656 (2015). 

27. Turkieh, A., Fertin, M., Bouvet, M., Mulder, P., Drobecq, H., Lemesle, G., Lamblin, N., 

De Groote, P., Porouchani, S., Chwastyniak, M., Beseme, O., Amouyel, P., Mouquet, F., 

Balligand, J. L., Richard, V., Bauters, C. & Pinet, F. Expression and Implication of 

Clusterin in Left Ventricular Remodeling After Myocardial Infarction. Circ. Hear. Fail. 

11, 1–13 (2018). 

28. Shimazaki, M., Nakamura, K., Kii, I., Kashima, T., Amizuka, N., Li, M., Saito, M., 

Fukuda, K., Nishiyama, T., Kitajima, S., Saga, Y., Fukayama, M., Sata, M. & Kudo, A. 

Periostin is essential for cardiac healingafter acute myocardial infarction. J. Exp. Med. 

205, 295–303 (2008). 

29. Xu, D. & Esko, J. D. Demystifying heparan sulfate-protein interactions. Annu. Rev. 

Biochem. 83, 129–157 (2014). 

30. Tanaka, Y., Hirano, N., Kaneko, J., Kamio, Y., Yao, M. & Tanaka, I. 2-Methyl-2,4-

pentanediol induces spontaneous assembly of staphylococcal α-hemolysin into heptameric 

pore structure. Protein Sci. 20, 448–456 (2011). 

31. Filippini, A., D’Amore, A. & D’Alessio, A. Calcium mobilization in endothelial cell 

functions. Int. J. Mol. Sci. 20, 1–13 (2019). 

32. Eichstaedt, S., Gäbler, K., Below, S., Müller, C., Kohler, C., Engelmann, S., Hildebrandt, 

P., Völker, U., Hecker, M. & Hildebrandt, J. P. Effects of Staphylococcus aureus-

hemolysin A on calcium signalling in immortalized human airway epithelial cells. Cell 

Calcium 45, 165–176 (2009). 

33. Suttorp, N., Seeger, W., Dewein, E., Bhakdi, S. & Roka, L. Staphylococcal alpha-toxin-

induced PGI2 production in endothelial cells: role of calcium. Am. J. Physiol. 248, (1985). 

34. Gopal, S., Søgaard, P., Multhaupt, H. A. B., Pataki, C., Okina, E., Xian, X., Pedersen, M. 

E., Stevens, T., Griesbeck, O., Park, P. W., Pocock, R. & Couchman, J. R. 

Transmembrane proteoglycans control stretch-activated channels to set cytosolic calcium 

levels. J. Cell Biol. 210, 1199–1211 (2015). 

35. Radu, M. & Chernoff, J. An in vivo assay to test blood vessel permeability. J. Vis. Exp. 2–

5 (2013). doi:10.3791/50062 



 

164 

 

36. Hoffman, M., Kyriazis, I. D., Lucchese, A. M., de Lucia, C., Piedepalumbo, M., Bauer, 

M., Schulze, P. C., Bonios, M. J., Koch, W. J. & Drosatos, K. Myocardial Strain and 

Cardiac Output are Preferable Measurements for Cardiac Dysfunction and Can Predict 

Mortality in Septic Mice. J. Am. Heart Assoc. 8, 1–20 (2019). 

37. Luo, S., Truong, A. H. & Makino, A. Isolation of mouse coronary endothelial cells. J. Vis. 

Exp. 2016, 2–6 (2016). 

38. Becker, K. A., Fahsel, B., Kemper, H., Mayeres, J., Li, C., Wilker, B., Keitsch, S., Seitz, 

A. & Fraunholz, M. Staphylococcus aureus Alpha-Toxin Disrupts Endothelial-Cell Tight 

Junctions via Acid Sphingomyelinase and Ceramide. Infect. Immun. 86, 1–12 (2018). 

39. Shah, J., Bagnoli, F., Guerrera, D., Citi, S., Starkl, P. M., Carette, J. E., Merakou, C., 

Lumb, J. H., Popov, L. M., Cooper, R. L., Bouley, D. M., Galli, S. J., Kiyonari, H., 

Takeichi, M., Meng, W., Marceau, C. D. & Amieva, M. R. The adherens junctions control 

susceptibility to Staphylococcus aureus α-toxin. Proc. Natl. Acad. Sci. 112, 14337–14342 

(2015). 

 

  



 

165 

 

Chapter 6: Closing Remarks 
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6.1 Conclusions and implications  

 Although sepsis is a widely studied disease that kills an estimated 11 million people 

worldwide each year 1, the mechanisms that contribute to the hallmark systemic vascular 

dysregulation in sepsis are largely misunderstood. Extensive VGC remodeling that occurs during 

sepsis has been correlated to poor outcomes and vascular dysfunction 2. However, few studies have 

focused on the actual changes that occur in vivo in the VGC. Most studies thus far have used 

indirect measures of VGC remodeling such as shed proteoglycans or GAGs in circulation 2. 

However, the source of these markers is not known,l as they could come from the parenchyma. 

Therefore, a detailed analysis of the VGC composition in vivo would be highly useful to 

characterizing VGC remodeling that occurs in sepsis. The studies detailed in Chapter 2 are the first 

in vivo comprehensive analysis of the VGC not only during sepsis but also during baseline 

conditions. During baseline conditions, the VGC is populated with ECM proteins and cell-cell 

junction proteins. During sepsis, the VGC drastically changes with acute phase markers, 

degranulation proteins, and ECM remodeling. Importantly, the studies highlighted in Chapter 2 

provide an organotypic analysis of VGC remodeling. Vascular dysfunction followed by organ 

failure causes mortality in sepsis 3, and characterizing VGC remodeling in each organ is a major 

step in uncovering changes in the organ-vascular interface that may dictate sepsis outcome. 

 The studies in Chapter 2 open several avenues of further experimentation. First, direct VGC 

component analysis provides a list of excellent candidates for VGC markers in circulation during 

sepsis. Use of these markers to characterize vascular health and recovery in an organotypic manner 

would be highly valuable clinically. Additionally, use of these markers as theragnostic tools to 

measure vascular responses to therapy would be highly useful to stabilizing sepsis patients. Several 

of the potential markers detailed in Chapter 2 were not known to be involved in VGC remodeling 
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in sepsis and need further characterization. The surprising enrichment of PRG4 and HA 

remodeling factors in the liver VGC during S. aureus sepsis highlight previously uncharacterized 

host responses that may have impacts on sepsis pathology in that organ. Importantly, other organs 

have distinctive VGC components that are enriched during sepsis that would be interesting to 

pursue. One drawback of the studies in Chapter 2 is the use of only one pathogen. Inducing sepsis 

with another pathogen may reveal unique pathogen-specific VGC remodeling that gives insights 

into differences in sepsis responses. Additionally, the studies in Chapter 2 analyzed one timepoint, 

the acute pro-inflammatory phase, in the septic response. Studying very early sepsis responses 

would be highly valuable in understanding sepsis onset in the vasculature, or looking at the VGC 

of sepsis survivors may give insight into why patients have lingering sequalae after sepsis 4. Last, 

the studies in Chapter 2 use proteomics to study VGC composition, which excludes 

characterization of the glycan components of the VGC. Further characterization of changes in 

VGC glycans during sepsis, either though glycomics or glycoproteomics, would be valuable 

avenues to further characterize VGC remodeling in sepsis.  

 Most sepsis studies focusing on individual VGC components have utilized non-targeted 

abrogation of a component of interest. Global inactivation of a specific VGC protein, or treatment 

with exogenous enzymes, are common strategies. Although these studies are valuable, they do not 

specifically target the VGC or individual components. The studies described in Chapter 3 are the 

first analysis of how manipulating a VGC component in a tissue-specific manner impacts sepsis 

and infection across multiple pathogens. Reducing sulfation of VGC HS results in differential 

outcomes depending upon the pathogen, implying that the role VGC HS plays in sepsis is 

pathogen-specific. Additionally, these results show that the host factors that participate in sepsis 

onset do not play the same role in every case of sepsis. Rather, sepsis onset may stratify depending 
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upon the pathogen. Further studies using targeted VGC modulation strategies may demonstrate 

pathogen-specific responses depending on certain VGC components.    

 Further analysis of the S. aureus sepsis model in Ndst1f/fTie2Cre mice showed that reducing 

HS sulfation in the VGC reduced liver damage by mitigating neutrophil trafficking during 

infection. Previously, endothelial HS has been shown to mediate neutrophil trafficking by 

engaging L-selectin and sequestering chemokine gradients 5–7. However, these studies were mostly 

conducted in endothelial monolayers or using air-pouch infiltrate methods. Chapter 4 demonstrates 

for the first time that endothelial HS also controls neutrophil recruitment to a major internal organ. 

Importantly, HS is the only VGC component that has been described to mediate neutrophil 

trafficking in the liver during both sterile and non-sterile inflammation, which were previously 

described to use integrin- and HA-dependent processes, respectively 8–10. Utilizing HS-based 

strategies to mitigate neutrophil trafficking may protect the liver during injury. A synthesized HS 

octadecasaccharide has been utilized to reduce inflammation and neutrophil trafficking to livers 

during acetaminophen-induced acute liver failure 11. I.V. injection of the heparin-binding domain 

of CXCL9 binds the lumenal surface of the endothelium and blunts neutrophil adherence to the 

lumenal wall 12, although this has not been tested in the liver. These therapeutic strategies may be 

valuable during sepsis. Liver dysfunction or failure occurs in 4 – 45.9% of patients with a mortality 

rate of 54.3-61% 13, highlighting the critical role of this organ in sepsis tolerance. The studies 

highlighted in Chapter 4 suggest that HS, synthesized HS, or HS-binding therapeutics could protect 

the liver from damaging inflammation during sepsis.  

 S. aureus is well known for its pro-inflammatory and invasive infections 14, many of which 

are driven by pro-inflammatory virulence factors such as Hla 15,16. There have been no studies 

indicating glycosylation plays a role in Hla toxicity besides a haploid screen showing inactivation 



 

169 

 

of some N-glycosylation biosynthesis machinery reduces Hla toxicity 17. Studies in Chapter 5 are 

the first in vivo evidence that a glycan plays a role in Hla toxicity. Importantly, this is the first time 

specific in vivo manipulation of a VGC component resulted in Hla hypersensitivity. Knocking out 

Adam10 in megakaryocytes and myeloid cells was shown to block Hla toxicity in sepsis 18, and 

Hla was shown to disrupt the endothelial barrier 19. However, neither of these studies used targeted 

alteration of endothelial Adam10 or any other VGC component in vivo. Chapter 5 shows that cell 

surface endothelial factors beyond Adam10 are involved in systemic Hla toxicity. How endothelial 

HS is involved in Hla toxicity has yet to be determined. Potential experiments highlighted in 

Chapter 5 aim to distinguish between the role of HS in Hla oligomerization, Adam10 activity, and 

calcium signaling. By teasing out HS involvement in Hla, targeted therapies can be developed that 

inhibit Hla toxicity. Importantly, higher sulfation levels in HS are more protective during Hla 

toxicity, hinting that adding competitive sulfated HS would be a potential therapeutic option. Any 

non-antibiotic therapeutics that reduce inflammation induced by aggressive S. aureus infection 

would be valuable, especially in an era with increasing antibiotic resistance 20 and the threat of 

community acquired methicillin resistant S. aureus 14.  

 At 24 hours post-infection with S. aureus, the heart VGC composition in Ndst1f/fTie2Cre- 

mice showed an increase in proteins associated with heart recovery and extracellular matrix, while 

Ndst1f/fTie2Cre+ mice did not exhibit increases in these proteins. Interestingly, no other organ 

showed differences in the VGC between genotypes during infection, showing for the first time that 

altering the VGC impacts remodeling during sepsis in an organotypic fashion. These studies also 

denote a potential relationship between the heart and Hla that was previously unknown. Hla 

treatment of endothelial cells induces arachidonic acid metabolism and prostacyclin generation, 

which acts as potent vasodilator 21. The heart VGC may reflect a response in which 
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Ndst1f/fTie2Cre+ animals are undergoing vasodilation and vascular stress. Future studies may be 

able to tie the VGC, vascular stress, and heart failure as a mechanism of why Hla can be toxic 

systemically. Heart failure is a common disease, and further study into how the heart VGC impacts 

heart health and recovery from injury would be highly valuable for studying heart failure.  

 As interest increases in how VGC remodeling impacts sepsis outcome, more targeted 

analysis and manipulation of the VGC, such as in the studies highlighted in Chapters 2-5, are 

increasingly needed to unwrap how individual VGC components are involved in sepsis responses. 

In short, it is now possible to use “omics” level analysis to find lead VGC components of interest, 

and then pursue said components with tissue-specific deletion or manipulation of the component. 

The glycocalyx is often thought of as too complex to study in a mechanistic way. Indeed, the 

original “cuticle layer” descriptions and images of the earthworm VGC by Hama visualize how 

complicated the structure is 22. However, the work described in this thesis follows an “omics to 

component” framework that may allow scientists to finally unravel the composition and function 

of the vascular “cuticle layer” in infection and sepsis.  
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